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ABSTRACT 
The burs t  component of the  so la r  x-ray f lux  i n  the  s o f t  wave- 
length  range 2 8 < h < 12 %, observed from Explorer 33 and Explorer 35 
from Ju ly  1966 t o  September 1968 were analyzed. I n  t h i s  period 4028 
burs t  peaks were observed. 
The d i f f e r e n t i a l  d i s t r ibu t ions  of t he  temporal and i n t ens i t y  
parameters of t he  burs t s  revealed no separation i n t o  more than one 
c l a s s  of burs ts .  The most frequently observed value f o r  r i s e  time 
was 4 minutes and fo r  decay time was 12 minutes. The d i s t r ibu t ion  
of t h e  r a t i o  of rise-to-decay time can be represented by an exponen- 
tial with exponent -2.31 from a r a t i o  of 0.3 t o  2.7; t he  maximum i n  
t h i s  d i s t r ibu t ion  occurred a t  a r a t i o  of 0.3. The values of t he  t o t d  
observed flux, divided by the  background flux, a t  burs t  maximum, can 
be represented by a power law with exponent -2.62 f o r  r a t i o s  between 
1 .5  and 32. The d i s t r ibu t ion  of peak burs t  f luxes  can be represented 
by a power law with exponent -1.75 over the  range 1 - 100 mil l i -erg  
(cm2 set)-l. Ihe f l ux  time i n t eg ra l  values a re  given by a power law 
-2 
with exponent -1.44 over t he  range 1 - 50 erg cm . 
The d i s t r ibu t ion  of peak burs t  f l ux  as  a f'unction of Ha impor- 
tance revealed a general trend f o r  l a rge r  peak x-ray fluxes t o  occur 
with both la rger  Ha f l a r e  areas and with brighter H a  f l a r e s .  The 
heliographic longitude dependence of sof t  x-ray b u s t s  indicated 
no s ignif icant  dependence of x-ray burst  occurrence on heliographic 
longitude; the emission thus lacks d i rec t iv i ty .  
The theory of free-free emission by a thermal electron d i s -  
t r i bu t ion  was applied t o  a quanti tat ive explanation of both hard 
x-ray fluxes (data from Arnoldy, Kane, and Winckler [1968] ; Kane 
and Winckler [I9691 ; and Hudson, Peterson, and Schwartz [1969 1 ) 
and sof t  x-ray fluxes during solar  x-ray burs ts .  Using burs ts  i n  
three d i f fe ren t  energy intervals,  covering a t o t a l  range of 
6 ,  1 - 50 keV, temperatures of 12  - 39 x 10 K and emission measures 
of 3.6 x t o  2.1 x lo5' cmd were derived. The emission measure 
was found t o  vary f r m  event t o  event. The peak time of hard x-ray 
events was found t o  occur an average of 3 minutes before the peak 
time of the  corresponding sof t  x-ray bursts.  Thus a changing 
emission measure during the event i s  a l so  required. A free-free 
emission process with temperatures of 12 - 39 x lo6 O K  and with 
an emission measure i n  the  range 3.6 x t o  2.1 x loS0 em-' 
which varies both from event t o  event and within an individual 
event i s  required by the data examined. 
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FOREWORD 
The re su l t s  of t h i s  thesis  were obtained fran a study of 
the burst  component of the soft  x-ray f lux observed from July 1966 
t o  September 1968 by Explorer 33 and Explorer 35. The raw data were 
f i r s t  converted in to  re l iab le  absolute f lux values. The study of 
the burst  canponent u t i l ized  the reduced absolute flux values. The 
data reduction method t o  convert the raw data in to  absolute values 
has been published i n  Solar i c s  under the t i t l e  "1owa Catalog 
of Solar X-Ray Flux (2  - 12 i)" by J. F. Drake, Sr. J. Gibson, 
O.S.B., and J. A. Van Allen, and i s  essent ial ly  the same as  
therein has been placed i n  the 
National Space Science Data Center 
National Aeronautics and Space Administration 
Goddard Space Flight Center 
Greenbelt, Maryland 20771, U. S .A. 
f o r  the following periods 
From Explorer 33: 2 Ju ly  1966 t o  27 July 1967 
From Explorer 35: 26 July 1967 t o  18 September 1968 
and are  made available t o  interested workers through tha t  agency. 
I. INTRODUCTION 
A background of so la r  x-ray physics w i l l  be presented t o  
provide a perspective fo r  t h e  discussion of the  present observa- 
t i ons  of so la r  x-ray bursts.  The physical systan from which t h e  
x-ray emission originates,  t he  current s t a t e  of observational 
knowledge of so la r  x rays, x-ray emission theory and f l a r e  theory, 
and the  objectives of t h i s  study w i l l  be discussed. 
A. Solar Atmosphere 
The solar  atmosphere i s  comprised of th ree  d i f fe ren t  layers :  
t he  photosphere, t h e  chromosphere, and the  corona. 
The photosphere i s  a layer  about 300 lun th ick  i n  which most 
of t h e  v i s ib l e  so la r  continuum radiat ion originates.  k i s  layer 
10 delineates t he  edge of t he  so la r  disk a t  a radius of 6.96 x 10 cm. 
The t o t a l  radia t ion from the  photosphere i s  t h e  sane i n  magnitude 
a s  would be emitted from a blackbody with a temperature of 5785 OK. 
This region has the  lowest ionizat ion and the  highest density 
16 (about 10  H atoms cm3) i n  the  so l a r  atmosphere [Kundu, 19651. 
Sunspots occur i n  t h e  photosphere as a r e s u l t  of strong 
magnetic f i e l d s  (several  thousand gauss) which l oca l ly  impede the  
flow of heat upward, causing a cooler, therefore darker, region 
i n  the  photosphere. The cooler region corresponds t o  temperatures 
4 
of about 4500 O K .  The scale s ize of sunspots i s  1 - 2 x 10 km. 
Sunspots tend t o  form i n  bipolar groups whose number and l a t i t ude  
vary with the 11-year solar cycle period. 
4 The chromosphere i s  an inhomogeneous region about 10 km 
thick located d i rec t ly  above the photosphere. The temperature 
r i s e s  i n  t h i s  region from about 5800 O K  near the photosphere t o  
4 
about lo6 OK a t  an a l t i tude  of 10 km. The density drops from 
16 9 10 H atoms cmm3 t o  10 cme3 from the base t o  the top of the 
chromosphere. Chromospheric f aculae, or plages, appe ar  in  the  
l i n e s  of Ha: (6563 %) or calcium K (3934 1) as bright mottled 
patches near sunspots. They are closely associated with the  
magnetic f i e l d s  existing near and above sunspots. 
Flares, the solar phenamena of greatest  in te res t  t o  t h i s  
study, are sudden brightenings commonly observed best i n  the RX or  
calcium K l ines.  These brightenings usually occur i n  the neighbor- 
hood. of sunspots. Observations of limb f l a r e s  indicate heights of 
7,000 t o  16,000 km. Thus f l a re s  are  an upper chramospheric and 
lower coronal phenomenon. Rise times of f l a r e s  m e  of the order of 
minutes while decay times are of the  order of tens of minutes. The 
t o t a l  energy l iberated i n  a typical  f l a r e  i s  of the order of 10 30 
erg. 
Flare  c lass i f ica t ion  i s  comprised of a dual importance 
scheme, a numeral foIlowed by a l e t t e r ,  as  I N .  The numeral i s  
assigned on the  basis  of t h e  area of t h e  so la r  surface encom- 
passed by t h e  f l a r e  a t  i t s  maximum phase. This number ranges from 
S (subflare, wri t ten as  - )  t o  1, 2, 3, and 4. The l e t t e r  i s  
f ( fa in t ) ,  n (normal), or b ( b r i l l i a n t )  and i s  a r e l a t i ve  in tens i ty  
evaluation. The numeral i s  then an objective parameter while t he  
l e t t e r  i s  subjective. Table I l i s t s  t h e  f i v e  importance c lass i -  
f i ca t ions  and t h e i r  def ini t ions  i n  terms of both heliographic 
square degrees and heliographic area i n  cm2 t o  which each impor- 
tance corresponds. 
The outermost layer  of the  solar  atmosphere i s  t h e  corona. 
4 It extends from about 10  km above the  photosphere t o  tens  of 
6 
so la r  rad i i .  The coronal temperature i s  about 10 O K  and changes 
very slowly with increasing r ad i a l  distance. The density ranges 
9 from about 10 anm3 a t  t he  chromospheric boundary t o  about 
3 5 x 10  emB3 a t  3 solar  rad i i .  It was pointed out previously 
t ha t  f l a r e s  extend i n t o  t he  lower corona. 
Another coronal feature  of i n t e r e s t  i s  the  coronal conden- 
sation, a dense region lying over t he  chrmosphere. These have 
5 diameters of 1 - 2 x 10 km, electron density 10 t o  20 times t he  
undisturbed coronal electron density, and temperatures of the 
order of 2 - 4 x 18 O K .  
This discussion of the  solar  atmosphere i s  not ccemplete but 
gives a b r i e f  account of t he  p h y s i c d  region i n  which so l a r  x-rqr 
burs t s  are produced. For a more de ta i led  discussion see Zir in  
[1$6] o r  Kundu [1965]. 
This survey w i l l  concentrate on r e su l t s  obtained i n  t h e  
l a s t  several  years. Reviews of t he  subject of so l a r  x-ray emission 
p r io r  t o  the  l a s t  few years and a guide t o  t he  eaz l ie r  l i t e r a t u r e  
can be found i n  Kundu [1965], Mandel 'shtam [1965 1, and Goldberg 
C1967 I. 
Solar x-ray emission i n  the 2 - 12  range can be divided 
i n t o  three  components: the  quiet  sun component, the  slowly 
varying cmponent, and the  burs t  component [Kundu, 1965 ; Wende, 
19681. The quiet  sun component i s  the  emission radiated by the  
sun when no so la r  a c t i v i t y  i s  present. This cmponent var ies  
by an  order of magnitude with the  11-year so la r  cycle period. 
This emission i s  thermal i n  nature with a temperature of 
1 - 2 x lo6 O K .  
The slowly varying component has a period of 27 days (one 
solar  ro t a t i on  period) and originates frm areas  near calcium 
plage which have a higher density and a higher temperature than 
the normal corona. Radio emission i n  the cm-wavelength region 
i s  a lso  produced by these high density, high temperature volumes. 
Both t he  radio a d  x-ray emission f o r  t h e  slowly varying component 
can be adequately accounted f o r  by thermal emission from local ized 
6 
regions with temperatures 2 - 7 x 10 O K  [Gibson, 19691. 
The t h i r d  component, t he  burst  component, i s  the  one t o  be 
investigated fur ther  i n  t h i s  study. X-ray burs ts  are c losely  
associated with Har f l a r e s .  The time scales f o r  x-ray burs t s  i n  
t he  2 - 12 W ( 1  - 6 kev) range are r i s e  times of t h e  order of several 
minutes and decay times of t he  order of t ens  of minutes. A t  higher 
photon energies the  burs t s  have smaller r i s e  and decay times. 
During a burs t  the  i n t ens i t y  increases by fac tors  up t o  
3 10 . The spectrum hardens during a burst  [Pounds, 1965; Chubb, 
Kreplin, and Friedman, 1961.  I f  t h e  emission i s  assumed thermal 
i n  or igin  so t h a t  a f ree-free  or  blackbody spectrum may be used, 
an e f fec t ive  temperature may be derived from the  observed spectrum. 
6 A temperature of 10 - 12 x 10 O K  was obtained i n  t h i s  manner by 
Bowen e t  al. [1$4] and a temperature of order lo8 O K  by Chubb 
e t  al. [1966] f o r  solar  x-ray bursts.  With the  observation of 
t h e  first hard x-ray burs t  a t  photon energies > 20 keV by 
Peterson and Winckler [I9591 , non-thermal emission was proposed. 
Non-thema2 emission i s  thought t o  be important primarily a t  
higher photon energyes (> 10 kev) and i n  t he  r i s i n g  portion of 
the  more impulsive bursts.  However, Acton [1968] claims tha t  
t he  da ta  of Bowen e t  al. [1$4] can be adequately explained by 
non-thermal processes, 
If an e f fec t ive  temperature can be obtained and i f  t h e  
e f fec t ive  temperature i s  observed t o  change f a s t e r  than t h e  
electron-electron energy exchange ra te ,  t he  electron d i s t r ibu t ion  
must be non-Maxwellian. This i s  found. t o  be t h e  case during t h e  
r i s i n g  portion of a hard x-ray burs t  by Hudson, Peterson, and 
schwartz [1968; 1969a, bl. 
Kme [1$9] has shown t h a t  f o r  photon energies > 10 keV 
there  a re  two components t o  t he  burst  emission. One component 
i s  impulsive and. reaches i t s  peak ear ly  i n  t he  event, nearly 
coincidental  t o  t h e  peak of the  microwave burs t ,  This component 
of t h e  emission i s  a t t r ibu ted  t o  bremsstrahlung fram a non-thermal 
with a power law i n  energy and because the  duration of t h i s  
component i s  of the  order of 30 seconds. The other canponent 
has a steeper photon spectrum, a duration of the  order of 10 
minutes, and t he  exponential r i s e  and deca~r shape charac te r i s t i c  
of s o f t  x-ray bursts.  Because of these properties, t h i s  component 
i s  thought t o  be of thermal or igin .  
Hudson, Peterson, and Schwartz [1968; 1969a, b ]  compared 
7.7 - 12.5 keV t o  12.5 - 22.0 keV x-ray burs t  data, assuming an 
isothermal region producing x radiat ion by a f ree-free  emission 
process. The temperatures they derived were i n  the  range 
14 - 50 x 106 OK. The hardening of the  spectrum referred t o  
previously evidences i t s e l f  as a changing temperature i n  t h i s  
analysis. The data within an event f i t  a curve of constant 
emission measure of 1 .4  x with only the temperature 
changing during the  event. The emission measure was found t o  
be constant not only within an event, but frm event t o  event, 
when the  r a t i o s  fo r  event peaks were examined. The emission 
measure was found t o  be 1 - 2 x c m 3  and constant. Their 
model of a burst  i s  tha t  the  time p ro f i l e  of the  f lux  i s  produced 
only by a changing temperature i n  the  emission region. This 
point w i l l  be examined f'urther i n  the  present study. 
The re la t ionship of Ekx f l a r e s  and x-ray burs ts  has been 
examined recently by several investigators [ ~ u l h a n e  and Phill ips,  
1969; Hwries, 1968; Hudson, Peterson, and Schwartz, 1968, 1$ga, b; 
Teske and Thcrmas, 1968; Teske, 1969; Van Allen, Dodson, and 
Hedeman, 19691. Teske [1969] f inds  a loose relationship between 
f l a r e  importance and x-ray burst  amplitude. In addition, 8 - 12 1 
x-ray burs ts  were found t o  s t a r t  before Ha f l a r e s  and t o  reach 
maximum mpli tude about 3 minutes a f t e r  the  maximum time [Teske 
and Thamas, 19681. The cm-wavelength radio burs ts  were found 
t o  peak 3 - 5 minutes before the so f t  x-ray maximum, which puts 
t h e i r  maximum time nearly coincidental with the  I32 maximum 
time. Culhane and Philipps [1969] and Hudson, Peterson, and 
Schwartz [1968; 1969a9 b] f i nd  a we& dependence of x-ray burs t  
amplitude on Hrr, area, which implies a loose re la t ionship between 
x-ray burs t  amplitude and I32 f l a r e  importance. The nature of 
t h i s  re la t ionship w i l l  be examined fu r the r  i n  Section VI-B. 
It was pointed out by Elwert [1968] t h a t  i f  non-thermal 
bremsstrahlung produces the  r i s e  andmaximum of t he  burs t  and 
i f  the  e lectrons  have a preferred direct ion of motion, then t h e  
radiation w i l l  be di rect ional  and dependent on the  p a r t i c l e  energy. 
It i s  fur ther  assumed t h a t  the  d i rec t iona l i ty  w i l l  evidence i t s e l f  
i n  the  probabi l i ty  of occurrence of x-ray burs ts  as a function 
of posit ion on the  so la r  disk. By associating an Hcr: f l a r e  w i t h  
an x-ray burst ,  t he  locat ion of the  x-ray source on the  so la r  
disk i s  known. The resul t ing heliogra$hic longitude d i s t r ibu-  
t i on  of x-ray burs t s  can then be examined t o  determine i f  such 
d i rec t iona l i ty  exis ts .  The f l a r e  model of DeJeger and Kundu 
[1963] prescribed t h a t  t he  electrons move r ad i a l l y  i n  the  solar  
atmosphere while t he  model of Takakura and Kai [1966] required 
t h a t  the electrons move essen t ia l ly  p w a l l e l  t o  the so l a r  surface. 
An examination of t he  longitude d i s t r ibu t ion  of di f ferent  energy 
x-ray burs t s  might discriminate between these  two f l a r e  models. 
Two workers have completed such s tudies .  Ohki [1969] 
exmined t he  longitude d i s t r ibu t ions  of 10  - 50 keV and of 
1 - 6 keV burs t s .  He found the  occurrence of 10  - 50 keV 
burs t s  decreased from center-to-limb while t he  1 - 6 keV burs t s  
had a uniform d is t r ibu t ion .  This i s  a t t r i bu t ed  t o  a d i r ec t i v i t y  
e f f ec t  of non-thermal emission from an anisotropic  e lect ron 
stream. However, t he  hard x-ray burs t  s t a t i s t i c s  were poor 
(only 46 events)  and t he  center-to-limb va r i a t i on  of Ha f l a r e s  
was not spec i f i c a l l y  included. 
Pinter  [I9691 used similar x-ray data  supplemented by 
0.6 - 1.5 keV burs t  data.  The 1 - 6 keV x-ray burs t  occurrence 
i s  not found t o  be uniform i n  longitude a s  Ohki [I9691 found. 
Instead it resembles t he  d i s t r i bu t i on  of Ha f l a r e s  with longitude 
( sec t ion  V I - c ) .  He a l s o  did not spec i f i c a l l y  include the  H a  
heliographic longitude d i s t r ibu t ion .  H i s  conclusion i s  t h a t  a 
d i rec t iona l  e f f ec t  ex i s t s  which indicates  agreement with the  
f l a r e  model of Takakura and K a i  [1966]. This problem i s  examined 
i n  d e t a i l  i n  Section VI-C. 
The spa t ia l  location of x-ray burst  sources has only 
recently been d i rec t ly  observed. Vaiana e t  al. [1$8] photo- 
graphed i n  several different  sof t  x - rw  wavelength ranges a region 
f la r ing  i n  Ha. The burst source was found t o  coincide with the Har 
f l a r e  position and t o  have upper s ize l imi ts  OF 1 arc minute by 1 
m c  minute. During the burst  the  emission f r m  the  f l w i n g  region 
exceeds by a factor of 10 or more the emission from the r e s t  of 
the  solar  disk. 
Several different emission processes could produce x 
radiation i n  the 1 - 50 keV range. The more important of these 
m e  synchrotron emission, non-thermal bremsstrahlung, and four 
va r i e t i e s  of thermal emission: free-free, free-bound, bound- 
bound, and dielectronic recambinat ion emission. Of these 
possibi l i tes ,  only free-free thermal emission i s  considered 
i n  de ta i l  i n  t h i s  study. The other poss ib i l i t ies  are eliminated 
as follows. 
Synchrotron radiation i s  emitted roughly within a bandwidth 
of fc around fC, where f c  i s  the c r i t i c a l  frequency defined as 
C K U ~ ~ U ,  1965 I 
Above the  c r i t i c a l  frequency the  power decreases as  ( f / fc)  IF 
exp(-f/fc). A c r i t i c a l  frequency corresponding t o  a 1 keV pho- 
3 ton (2.4 x loL7 HZ) and. a f i e l d  of 10 gauss, taken as t yp i ca l  f o r  
9 a so la r  f l a re ,  require an electron energy of 4 x 10 eV. The 
t o t a l  power radiated by t h i s  electron i s  given by [Kundu, 19651 
p(erg/sec) = 6 x H~ (gauss) E~ ( M ~ v )  . ( 1-2 
3 3 For a 4 x 10 MeV electron and f i e l d  of 10 gauss, t he  radiated 
-1 power i s  9.6 x loa2 erg sec . The electron energy i s  6.4 x l o 3  
erg. If the  electron energy decreases t o  lo3 erg, t he  synchrotron 
emission a t  1 keV w i l l  be d ra s t i ca l l y  reduced. The time needed t o  
-1 - 1 
radia te  5 x lom3 erg a t  t h e  r a t e  of - 10 erg sec i s  5 x lo-* sec. 
The short  l i fe t ime  of such energetic par t ic les ,  i n  view of the  much 
longer duration of sof t  x-ray bursts,  requires t he  production of 
energetic pa r t i c l e s  f o r  periods of minutes. This i s  not thought 
t o  occur, nor are such energetic pa r t i c l e s  thought t o  ex is t  i n  any 
substant ia l  quanti ty i n  the  solar  atmosphere. Synchrotron emission 
i s  therefore not a promising poss ib i l i ty .  
Non-thermal emission must ce r ta in ly  occur during t he  r i s i ng  
portions of some impulsive burs ts .  However, Kane [l969] has 
observed two components of hard x-ray bursts, one of short time 
duration consistent with a non-thermal or igin  and one much slower 
and apparently thermal i n  origin.  Hudson, Peterson, and Schwartz 
[1968; 1969a, b] f ind  agreement with a thermal emission mechanism 
and disagreement with a non-thermal (power law i n  energy) mechanism 
f o r  7.7 - 22.0 keV bursts .  The thermal interpreta t ion holds f o r  
burst  peaks a s  well  a s  the  decay phase. Wende [1968] finds the 
decay phase of 1 - 6 kevbur s t s  explainable on the grounds of thermal 
emission. The r e su l t s  of Section VI-C indicate  no substantial. non- 
thermal contribution t o  the  1 - 6 keV bursts ,  a t  l e a s t  insofar as 
a d i rec t iona l i ty  e f f ec t  i s  concerned. On the basis  of the above 
arguments against non-thermal emission and the lack of argument i n  
favor of it, non-thermal emission i s  a l s o  discarded as a subs tan t ia l  
contributor t o  the  1 - 50 keV burst  radiation.  
Of the thermal processes, the dominant one for  temperatures 
6 
above 8 x 10 OK i s  free-free emission. This i s  shown by calcula- 
t ions  by Gibson [1969] and Culhane [1969]. The temperatures 
obtained when fYee-free emission i s  assumed a re  greater than 
lo7 OK. Values i n  t h i s  range have been obtained by a number of 
dif ferent  investigators and free-free emission i s  i n  agreement with 
the dominance of the  continuum over l i n e  emission i n  the  1 - 50 keV 
range observed during f l a r e s  (see Section VII-c). Thus f ree-free  
emission emerges a s  the  most probable mechanism fo r  the  majority 
of 1 - 50 keV bursts .  
3 The energy emitted per cm per sec i n  the source region 
due t o  free-free emission from a Maxwellian electron d is t r ibu t ion  
is  [Karzas and Latter,  1961; Elwert, 19611 
3 
where d I ( v , ~ )  = energy (erg) per cm per sec emitted a t  
frequency v i n  the  i n t e rva l  dv from a 
Maxwellian electron d i s t r ibu t ion  of 
electron temperature T 
n = density of ions of nuc1ea.r charge Z cm -3 i i ' 
n = density of electrons, un -5 
e 
T = electron temperature, O K  
c = speed of l i g h t  
- g = temperature averaged free-free  Gaunt fac tor  
e = electronic  charge 
k = Boltzmann's constant 
M = mass of electron 
v = photon frequency. 
To obtain t he  t o t a l  emission from t h i s  region, a sum over 
t h e  dif ferent  ion species must 'tie taken. A two-ccrmponent atmos- 
phere composed of 86% H and 14% He w i l l  be assumed [Allen, 19631. 
A t  coronal temperatures these atoms w i l l  be completely ionized. 
The sum then over ion species becomes [Gibson, 19691 
The temperature averaged f ree - f ree  Gaunt f a c to r  i s  taken fram 
Karzas and La t te r  [1961] as 1.40. This value i s  good t o  6 5% 
f o r  t h e  range of energies and temperatures being considered. 
Then 
Equation (1-5) must be in tegrated over t he  source volume and 
divided by 4 1 - r ~ ~  , where R i s  one astronomictiL uni t ,  t o  obtain 
t h e  f l u x  received at ea r th  a t  frequency v i n  t h e  i n t e rva l  dv, 
The emission measure, S, can now be defined as  
-3 S has u n i t s  cm . The bes t  form of Equation (1-6) f o r  use i n  t h i s  
study i s  
2 The number of photons per m per  second of energy hv i s  r e l a t ed  
t o  the  f l ux  by 
By use of Equations (1-8) and (1-9) and the  given detector eff ic iency 
function, t he  detector response can be calculated. 
The f l ux  incident a t  t he  ea r th ' s  o rb i t  due t o  f ree-free  
emission i n  t he  wavelength range 2 - 12 1 i s  obtained by integrat ing 
Equation (1-8) over t he  corresponding frequency in t e rva l  
(0.25 x 1018 Hz t o  1.5 x 10l8 HZ). The resul t ing expression i s  
6 
where F i s  i n  un i t s  of mil l i -erg  ( a 2  see)-', T i s  i n  un i t s  of 10 OK, 
-3 
and. S i s  i n  un i t s  of cm . 
The f l u x  i s  thus a function of two parameters, S and T, as can 
be seen from both Equations (1-8) and (1-10). To quant i ta t ively  t e s t  
the  emission mechanism two measurements are needed, one t o  es tabl ish  
the  spec t ra l  d is t r ibut ion of t h e  f l ux  (T) and one t o  es tabl ish  the 
f l ux  magnitude (s). Such a t e s t  requires the  assumption t h a t  the  
temperature and emission measure i n  different photon energy 
intervals  are identical.  Also since the  f lux depends l inear ly  on 
the emission measure, and hence the volume, and the I-D importance 
i s  based on area, there exis t  theoret ical  grounds on Which t o  
expect some correspondence between x-ray peak amplitude and f l a r e  
importance. 
D. Flare Models 
Two f l a r e  models [De Jager and Kundu, 1963, and Takakura 
and Kai, 19661 which have been used i n  the  l i t e r a t u r e  cis a basis  
fo r  examining data, and a th i rd  model [Carlquist, 1$8], seldom 
mentioned i n  the l i t e ra tu re  but which seems t o  possess many 
features necessary t o  an adequate model, w i l l  be discussed br ief ly .  
The model proposed by De J e e r  and Kundu [1963] requires 
tha t  f a s t  electron j et  s be accelerated i n  magnetically neutral  
regions and move i n  a rad ia l  direction. In t h i s  situaticm the 
same f a s t  electrons which are accelerated rad ia l ly  downward pro- 
duce both the high-energy (> 10 k e ~ )  x rays and the associated 
cm-wavelength radio burst. The x-ray emission would then be by 
non-thermal bremsstrahlung and possess directional properties. 
The electrons accelerated away from the solar surface would 
produce Type I11 radio bursts. The electrons i n  t h i s  model are 
4 
accelerated t o  energies of a t  l e a s t  10 t o  lo5 eV. 
Ta3rakux-a and K a i  [1$6] proposed a model i n  which the  high 
energy electrons are  trapped i n  t he  magnetic b o t t l e  geometry 
exis t ing i n  the  region between the two spots of a bipolar spot 
group. The energetic electrons then have a preferred direct ion 
of motion approximately pa ra l l e l  t o  the  so la r  surface. The cm- 
wavelength burst  i s  due t o  synchrotron emission from energetic 
electrons i n  stronger f i e l d  regions. There has been a discrepancy 
3 4 
of a fac tor  of 10 t o  10 between the  t o t a l  number of electrons 
needed t o  produce the  x-ra;y burst  and the  number needed t o  produce 
the  radio burs t  [Peterson and Winckler, 19591. This d i f f i c u l t y  
i s  overcome i n  the  Takakura and K a i  model by requiring t h a t  t h e  
majori ty of the  energetic electrons be trapped i n  a r eg im of low 
f i e l d  strength and high number density so t h a t  the  source i s  
inv is ib le  a t  radio  frequencies ( the  frequencies i n  question l i e  
below the  l o c a l  plasma frequency). A power law electron energy 
d i s t r ibu t ion  with exponent -3 t o  -5 i s  found sa t i s fac tory  t o  
account fo r  t h e  time p ro f i l e  of t he  radio burst .  
The t h i rd  f l a r e  model [Caslquist, 1968; Jacobsen and 
Carlquist, 1964; Alf'ven and Carlquist, 19671 i s  concerned p r i -  
marily with t he  production of the  energetic pa r t i c l e s  needed i n  
the  previous models. The proposal i s  t h a t  i n  low density regions 
of t he  so la r  atmosphere i n  which the current density i s  high 
(along magnetic l i n e s  of force) an i n s t a b i l i t y  occurs, causing a 
high impedance region t o  be formed. The voltage then increases 
across the high impedance region u n t i l  a discharge occurs. Electrons 
11 
and protons are accelerated t o  very high energies (lolo - 10 ev) 
during the discharge. This process i s  shown t o  have a time scale 
2 
of 10 second end t o  be energetically feasible. The onset of the 
ins t ab i l i t y  is  re la ted  t o  the radius of the current carrying 
filament. Typical filament r ad i i  suff ic ient  t o  cause onset of 
the  ins t ab i l i t y  are 200 krn, consistent with the fac t  tha t  source 
regions for  f l a re s  have not yet been resolved. 
In t h i s  model a very s m a l l  and very hot region would be 
produced which could then expand and cool, placing the correct 
temporal order on observed features (see Sections I-B and VII-A). 
High energy electrons would lose energy much fa s t e r  than the same 
energy protons so tha t  soon a f t e r  t he  discharge, protons would be 
the daminant higher energy part ic les ,  Boldt and Serleaitsos [1969] 
demonstrate tha t  for  the  28 September 1961 solar f lare ,  the 
observed hard x-ray emission i s  consistent with a suprathermal 
proton source emitting bremsstrahlung. In addition t o  these 
features, a number of other observational features are consistent 
with t h i s  theory [Carlquist, 19681. 
Solar x rays i n  the wavelength range 2 - 12 (1  - 6 kev) 
have been monitored by University of Iowa detectors on the 
s a t e l l i t e s  Explorer 33 (since July 1966) end Explorer 35 (since 
July 1967 ). F r m  July 1956 t o  July  1567 Explorer 33 obtained 
x-ray data  55% of t h e  time. From July 1567 t o  September 1968 
Explorer 35 obtained x-ray data  75% of the  time. These x-ray 
data have been converted i n to  absolute f l ux  values by computer 
f o r  the  above data [Drake, Gibson and Van Allen, 19691. 
In  t h i s  large quanti ty of data, thousands of x-ray bursts 
are observed. A means was devised t o  examine the  burs t  ccanponent 
of t h e  f lux  by computer. A t o t a l  of 4028 burs ts  have been indenti-  
f i e d  i n  t h i s  manner f o r  the  period July  1966 t o  September 1968. This 
burst  sample was examined fo r  possible parameters by which t o  
c l a s s i fy  bursts.  Previously the  la rges t  number of solar  x-ray burs ts  
included i n  a study was 472 [Harries, 19681, The present study 
then provides r e s u l t s  derived from the  la rges t  da ta  base obtained 
t o  date on t h e  subject of so f t  ( 1  - 6 k e ~ )  so la r  x-ray bursts.  
In  a comparison with other f l a r e  data, the re la t ionship 
between Ha f l a r e  occurrence and x-ray burst  occurrence was examined. 
The d i s t r ibu t ion  of so f t  x-ray burs t s  with heliographic longitude 
was determined i n  order t o  t e s t  t he  non-thermal, d i rec t iona l  
emission proposal discussed i n  Section I-B. 
A compasison was made with harder (photon energy grea te r  
than 6 k e ~ )  so la r  x-ray burs t s  t o  study the  temporal and amplitude 
re la t ionship of t he  two phenamena. In par t i cu la r  t he  suggestion of 
Hudson, Peterson, and Schwartz [1968; 1969a1 b], based on 
7.7 - 22.0 keV burst data, t ha t  x-ray bursts a re  adequately explained 
as free-free emission from a region with constant emission measure 
and with temperature only changing was examined over the extended 
range of 1 - 50 keV with data obtained from three different  experi- 
ments [Arnoldy, Kane, and Winckler, 1968; Kane and Winckler, 1969; 
Hudson, Peterson, and Schwartz, 19691. 
11. OBSERVATIONAL TECHNIQUES 
A. S a t e l l i t e s  
The absolute x-ray f l u x  from the  whole disc  of the  sun has 
been measured over a prolonged period of time (see Section 11-C) 
by a 1 kg University of Iowa equipment on the  earth-orbiting 
s a t e l l i t e  Explorer 33 and the  moon-orbiting s a t  e l l i t  e Explorer 35, 
both of the  Goddard Space Fl ight  ~ e n t e r / ~ a t i o n a l  Aeronautics and 
Space Administration. Explorer 33 was launched a t  1602 UT on 
1 July 1966. It has a f a r  ranging earth-orbit  which i s  strongly 
perturbed from time t o  time by passage by the  moon. Over a three-  
year period t h e  perigean r a d i a l  distance has been between 32,000 
and 274,000 km, the  apogean r a d i a l  distance between 436,000 and 
859,000 km, and the  o r b i t a l  incl inat ion t o  t h e  ear th ' s  equator 
between 7" and 60". Thus Explorer 33 i s  exposed almost continuously 
t o  t h e  sun and makes occasion8.l b r i e f  passes through the  ear th ' s  
magnetosphere. Explorer 35 was launched a t  1419 UT on 19 July 1967 
and in jec ted  i n t o  lunar o rb i t  a t  0919 UT on 22 Ju ly  l$7. The 
subsequent o rb i t  has been a s tab le  one with per ise lene a t  a mean 
r a d i a l  distance of 2576 km, aposelene a t  9386 km, a mean o r b i t d  
period of 11.53 hr,  and an o r b i t a l  incl inat ion of 168' t o  t h e  
e c l i p t i c  (retrograde).  One t o  two hours of x-ray da ta  from 
Explorer 35 are l o s t  during each orb i t  because of passage through the  
op t ica l  shadow of the  moon and of lunar occulation of the  spacecraft 
as viewed fram the  earth ( loss  of telemetry signal) .  Data from both 
s a t e l l i t e s  are transmitted i n  an essen t ia l ly  real-time mode only. 
GSFC/NASA has maintained exceptionally continuous telemetry coverage. 
Both s a t e l l i t e s  are "spin-stabilized" ( i .  e., s e t  spinning about 
the  axis of maximum moment of i n e r t i a  during the  launching operation). 
The ro ta t iona l  period of Explorer 33 has varied cycl ical ly  with a 
one-year period within the range 2.2 t o  3.6 seconds; tha t  of Explorer 
35 has been within the range 2.3 t o  2.4 seconds. The c e l e s t i d  
coordinates of the  spin-axis of each s a t e l l i t e  are approximately 
constant, though there  are  weak torques due t o  solar  radiation 
pressure which cause gradual changes. The spin-axis of Explorer 
33 has been within 6" of the  ec l ip t i c  plane throughout i t s  f l i gh t .  
That of Explorer 35 can be reoriented by means of gas j e t s  upon 
ground command; it has been maintained i n  t he  direct ion of t he  
south e c l i p t i c  pole t o  within 7". 
B. Detectors 
The pertinent portions of the  detector complements on both 
sa t  e l l i t  es are nominally identical ,  consisting of three mica-window 
Geiger-Mueller tubes (EON type 6213) arranged as shown i n  Figure 1. 
Detector GML has a fan-shaped collimator whose central  axis  
i s  perpendicular t o  t he  s a t e l l i t e  spin-axis. The opening angles of 
the  collimator were measured experimentally with the  collimated beam 
from a s m a l l  laboratory x-ray machine (electron energy 2.0 k e ~ )  i n  
vacuo. The sane experiment& method was used t o  determine the  
opening angles of GM2 and GM3. The window thickness of detector 
-2 GML on Explorer 33 [ ( G M L ) ~ ~ ]  i s  1.7 mg cm and of detector GMI 
-2 
on Explorer 35 [ ( G M ~ ) ~ ~ ]  i s  1.3 mg * 
By v i r t ue  of t he  orientation of the  respective spin-axes of 
t he  two s a t e l l i t e s ,  d.etectors GM2 and GM3 on, Explorer 35 never view 
the sun, whereas these detectors on Explorer 33 do so periodically.  
(GM2) has a conical aperture with axis p a r a l l e l  t o  the  s a t e l l i t e  33 
-2 
spin-axis; t he  window thickness i s  1.3 mg cm . ( G M ~ ) ~ ~  i s  iden t ica l  
i n  construction and arrangement t o  (GM2) except t ha t  the  axis of 33' 
( G M ~ ) ~ ~  i s  an t i -para l le l  t o  the  s a t e l l i t e  spin-axis; the  window 
-2 
thickness i s  1.3 mg cm . 
The GM tubes are self-quenching ones f i l l e d  t o  a t o t a l  
nominal pressure of 429 mm Hg ( a t  0" C )  with a mixture of neon 
(410 mm), argon (7 mm), and chlorine (12 m). The effect ive  volume 
of t he  tubes f o r  so% x rays i s  a cglinder approximately 0.7 cm i n  
length and 0.24 cm i n  diameter. The spec t ra l  efficiency of the  tubes 
f o r  sof t  x rays has been determined by two methods: by calculation 
and by experimental comparison with a tube whose ef'f-iciency can be 
calculated with b e t t e r  accuracy [Van Allen, 1967a; Wende, 19691. 
Both methods agree t o  within 15% fo r  A > 2.6 i, yielding the  
spec t ra l  eff ic iency curve shown i n  Figure 2. Pulses from 
and are  accumulated continuously i n  separate storage 
reg is te rs  during a 25.57 -second i n t  erval every 163.62 seconds and 
are read out i n  every other telemetry sequence. The center of the  
25.57 second sampling period i s  33.2 seconds a f t e r  the beginning of 
the  sequence, 
The pulses from GMl are gated in to  four separate storage 
registers,  one reg is te r  for  each quadrant of rotation, by an 
electronic sector generator tr iggered by a "see-sun" pulse from a 
narrow-angle photo-electric sensor. The sectoring scheme i s  shown 
i n  Figure 3. The t o t a l  accumulation time for  the  four sectors i s  
25.57 seconds, or 6.39 seconds per sector. The accumulation and 
read-out cycle i s  repeated every 81.81 seconds (every telemetry 
sequence), The center of the sampling period of GM1 i s  also 33.2 
seconds a f t e r  the beginning of the sequence. Sector I11 records 
solar  x ra;ys as well as galact ic  and solar energetic particles,  
whereas Sectors I, 11, and I V  record only ga la t ic  and solar  energetic 
pmt ic les .  Each te lmetered  sample of accumulated counts i n  Sector 
I11 comprises n subsmples, one per rotation of the spacecraf't. 
Since t h e  telemetry cycle i s  not synchronous with the rotat ional  
period, n varies as the rotat ional  period varies and l i e s  i n  the  
range 7 t o  12. This fac t  in  i t s e l f  has no effect  on the number of 
counts observed since the  fraction of each rotation t h a t  the detector 
views the sun i s  independent of spin period. There is ,  however, a 
fluctuation in  the fract ion of the sampling interval  that  i s  devoted 
t o  Sector 111. For example, i f  n = 7.5, the  data from Sector I11 
may be obtained from a s  few a s  7 rota t ions  or a s  many a s  8. The 
maximum f luctuat ion from the  mean counting r a t e  i s  + - 7%. This 
e f f ec t  appears a s  a quasi-periodic "beat note" i n  the  counting 
r a t e  of Sector 111 (as  wel l  a s  i n  the counting r a t e s  of the other 
sec tors ) .  The GSFC telemetry system repor ts  the  pos i t ion  i n  each 
telemetry cycle a t  which the  f i r s t  "see-sun" pulse occurs. It i s  
therefore  possible t o  correct  f o r  t h i s  e f fec t  but has not been 
thought worthwhile t o  do so. 
The in - f l igh t  accuracy of t he  sector  generator on Explorer 35 
i s  checked automatically on every 16th sequence by counting pulses 
from an aux i l i a ry  10 kHz osc i l l a t o r .  The accuracy of t he  sector  
generator on Explorer 33 i s  checked occasionally at the  data  reduc- 
As Explorer 33 moves with the  ea r th  around the  sun, t he  angle 
a between i t s  spin-axis (approximately f ixed i n  c e l e s t i a l  
coordinates) and the  spacecraft-to-sun vector changes by about lo 
per day, going from nearly zero through 90" t o  nearly zero again 
i n  a year. Hence the  th ree  detectors  view the  sun successively 
i n  t he  cyc l ic  order C;M1, (242, GM1, GM3, GM1, GM2, GM1, e t c . ,  a s  
t he  sun moves across the  c e l e s t i a l  sphere. There a r e  gaps i n  the  
data  when t he  sun i s  viewed by none of t he  three  detectors;  these 
gaps average 23 days i n  length. The time in terva l  between 2 Ju ly  
1966 and 27 July 1967 during which solar x-ray observations with 
Explorer 33 were possible on geometrical grounds alone are: 
2 July - 21 September 1966 GM1 
9 October - 1 December 1966 GM2 
29 December 1966 - 27 March 1967 GM1 
20 April - 14 June 1967 a43 
4 ~ U l y  - 27 ~ U l y  1967 GM1 
For the ent i re  period 2 July 1967 t o  27 July 1967 the 
Ekplorer 33 coverage i s  55% complete, i f  every break i n  the -data 
of - > 5 minutes duration i s  counted as a data gap. During the f ive 
sub-intervals l i s t e d  above, useable data a re  available for  78% of 
the time, on the same cr i ter ion.  A sample coverage plot i s  given 
i n  Fig 
Detector GMl  on Explorer 35 observes the sun throughout the 
year, since the spin-axis of t h i s  spacecraft i s  appraximately normal 
t o  the ec l ip t ic .  There are, however, several hours per day of l o s t  
data because of eclipse and occultation of the spacecraft by the 
moon and loss  of signal during range-and-range ra te  interrogations 
through the spacecraft telemetry system. Certain data gaps are 
at t r ibutable  t o  high par t ic le  in tens i t ies  (section 111-A). For 
the en t i r e  period 26 July 1967 t o  18 September 1968, useable 
x-ray data a re  available f o r  75% of the time, again using the 
> 5 minute c r i t e r i o n  f o r  summarizing t he  t o t a l  of data  gaps. A 
- 
sample coverage p l o t  i s  shown i n  Figure 5. 
It i s  of ten possible by means of ca re fu l  hand reduction t o  
r e t r i eve  useable data during periods of time t ha t  have been d i s -  
carded i n  t he  computer-reduced data  analysis  because of the 
s t r ingent  v a l i d i t y  c r i t e r i a  which have been applied i n  the  
preparation of t he  basic  catalog. 
A l l  s i x  of the  se lected EON Geiger-Mueller tubes on 
Explorers 33 and 35 have operated properly and without apparent 
degradation s ince  launch u n t i l  t he  present da te  of writ ing 
( ~ c t o b e r  1969), despi te  the  accumulation of over lo1' counts by 
each of those t h a t  has viewed the  sun--(GM~) ( G M ~ ) ? ~ ,  ( G M J ) ~ ~ ,  33' 
and ( G M ~ ) ~ ~ .  There have been occasional incidents (about 10)  
of high, spurious counting r a t e s  by a detector  t ha t  has been 
exposed simultaneously t o  high x-ray i n t ens i t y  and high p a r t i c l e  
in tens i ty .  These incidents,  which have never occurred under any 
other circumstances, have a duration of some hours. Even during 
such periods the  detector  continues t o  respond t o  x-ray burs t s .  
I n  the  scanning detectors  (GML) and ( G M ~ ) ~ ~ ,  the  spurious 33 
e f f ec t  i s  pronounced i n  Sector 111, much l e s s  i n  IV,  s t i l l  l e s s  
i n  I, and absent i n  I1 during each ro ta t ion .  Hence, the  e f f ec t  
i s  characterized by a short-term recovery time of about one 
second. The onset of the effect  i s  abrupt (between data samples); 
and i n  every case the e f fec t  has disappeared a f t e r  a period of l e s s  
than 12 hours and the  solar x ray and other ra tes  have returned 
accurately t o  the i r  pre-incident values. This observation has been 
established with special  c l a r i t y  i n  several cases of simultaneous 
Explorers 33 and 35 coverage. It i s  thought, tentatively,  t ha t  the 
problem may ar i se  from e lec t ros ta t ic  charging of the poorly- 
conducting mica window under high intensi ty  conditions. 
Overall, there i s  a good leve l  of confidence i n  the long-term 
val id i ty  of the Explorer 33 and Ekplorer 35 data. The impressive 
quality of the agreement between simultaneous observations with 
different  detectors i s  part icular ly reassuring. 
Only one spacecraft fau l t  has been of importance: On 
22 Ju ly  1967 the 10th f l ip-f lop i n  the storage regi  
records counts from (GM3)j3 stuck i n  a monostable s ta te .  Since 
tha t  date ( G M J ) ~ ~  ra tes  greater than 511/25.57 = 20 count sec-I 
have not been transmitted unambiguously. 
The temperature of the University of Iowa equipment on 
Fkplorer 33 and Explorer 35 has been within the respective ranges 
+5" t o  +42" C and -3" t o  +25" C, with br ief  exceptions (lower 
temperature) during several t e r r e s t r i a l  eclipse periods, and the 
regulated power supply voltage has been accurately constant a t  
i t s  nominal value. 
111. REDUCTION OF DATA 
It has been shown previously [Van Allen, 1$7a] t h a t  the  
type 6213 Geiger-Mueller tube (Figure 2 )  can be considered accu- 
r a t e l y  equivalent t o  an x-ray detector whose absolute photon 
efficiency E (A) = const. for  the  wavelength range Al j h A2 
with h and h2 having the same values fo r  a wide variety of 1 
spectra. The numerically determined values of hl and h2 [Van Allen, 
19678; Wende, 19691 axe 2 and 12 1, respectively. The author 
has additionally ver if ied numerically the. constancy of e ( h )  with the 
given h and h for  a blackbody spectrum corresponding t o  temper- 1 2 
atures of up t o  10 8 0 
Thus the absolute solar x-rqy f lux  F(2 - 12 i) i n  rnilli-erg 
-1 ( a n 2  sec) a t  the point of observation i s  given by 
where R i s  the  t rue  counting r a t e  of the detector i n  count sec-'. 
Equation (111-1) i s  app1ic:able t o  a tube whose mica-window i s  1.3 
mg a n m 2  i n  thickness and whose axis i s  fixed through the center of 
t h e  sun. 
For the actual  conditions of observation of the  rotat ing 
s a t e l l i t e s  Explorer 33 and 35 
where ~ ( 2  - 12 i) i s  the absolute f lux of solas x rays i n  the wave- 
length range 2 - 12 i i n  milli-erg (cm2 set)-', R i s  the t rue 
counting r a t e  i n  count sec'l caused by the x rays from the whole 
disk of the sun, and f ( a )  i s  a "geametric obliquity factor" which, 
for  a given detector, i s  a function only of the angle a between the 
spin-axis of the spacecraft and the spacecraft -to-sun vector. 
The counting r a t e  R i n  equation (111-2) i s  the t rue  r a t e  
caused solely by solar  x rays. For the sectored detectors ( G M L ) ~ ~  
rmd the  quantity R i s  calculated Pram the formula 
t h  
where R. i s  the counting r a t e  of the  i sector. 
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Formulae (111-3) and. (111-4) are ordinarily adequate f o r  the 
subtraction of counting ra te  contributions fran galact ic  cosmic rays, 
solar electrons, protons, and alpha particles,  and magnetospheric 
electrons and protons. Certain periods of high p w t i c l e  in tens i ty  
and/or substant ial  but strongly anisotropic par t ic le  intensi ty  have 
been omitted from the basic catalog. 
B. Dead Time Corrections 
The detector system has an especially wide dynamic range f o r  
the measurement of solar x-ra;y flux. In favorable cases it extends 
2 from 0.01 t o  over 1000 mill i-erg (an set)-I i n  the 2 t o  12 range. 
The relationship between t h e  t rue  counting r a t e  R ( the r a t e  
tha t  would be observed i f  the detector had zero dead time) and the  
apparent r a t e  r (the r a t e  tha t  i s  actually observed) was determined 
by a careful ser ies  of pre-flight calibrations i n  the laboratory 
using a s m a l l  dc x-ray machine and running a family of overlapping 
inverse square l a w  curves. The r -R  relationship a t  high counting 
ra tes  is ,  i n  general, different f o r  each detector and i s  also sensi- 
t i v e  t o  temperature and t o  the precise choice and physical arrangement 
of associated electronic components. It was found possible t o  make 
the  r - R  re lat ionship ahnost completely independent of temperature over 
t h e  range -25' t o  +50° C ( a  range considerably grea te r  than observed 
i n  f l i g h t ) .  The f i n a l  r - R  curves were run f o r  each individual 
detector on the  completed f l i g h t  packages. 
The f i n d  r - R  curves f o r  (GM2) and ( G M ~ ) ~ ~  are  shown i n  33 
Figures 6 and 7, respectively. These a re  d i r ec t l y  applicable t o  
f l i g h t  da ta  since these  detectors view the  sun continuously (on a 
short  term basis) .  
Similarly determined r - R  curves f o r  (GMl) and ( G M ~ ) ~ ~  axe 3 3 
shown as t he  so l i d  curves i n  Figures 8 and 9, respectively. These 
detectors, however, spin past  the  sun once per spacecraft rota t ion.  
The instantaneous counting r a t e  i s  not transmitted. The quanti ty 
which i s  transmitted i s  t he  accumulated number of counts within 
Sector I11 f o r  7 t o  12 rota t ions  during each of which there i s  a 
br ief  burs t  of counts. A fur ther  correction t o  t h e  pre-fl ight r -R  
curves (as  determined with a dc x-ray source) i s  therefore neces- 
sary. This correction was computed point-by-point during a ro ta t ion  
by use of the  sol id  curves i n  Figures 8 and 9 and t h e  curve of 
counting r a t e  versus ro ta t iona l  angle (Figure 10) as a lso  determined 
( a t  low counting r a t e s )  i n  pre-fl ight :Laboratory t e s t s .  The nor- 
malized form of t h i s  l a t t e r  curve was found t o  be substant ia l ly  
independent of a. The dashed curves i n  Figures 8 and. 9 axe t he  
f i n a l l y  adopted ones f o r  (GML) and ( G M ~ ) ~ ~ .  They are va l i d  f o r  33 
any a and f o r  any ro ta t iona l  ra te .  
A l l  Explorer 35 data a s  well  a s  Explorer 33 data a f t e r  
27 July 1967 have been properly corrected f o r  dead time using the  
appropriate dashed r -R curve. 
The cataloged data from ( G M ~ . )  of Explorer 33 during the 33 
period 2 July  1966 t o  27 July  1967 were reduced using the  so l id  r - R  
curve i n  Figure 8. Upon re-examination of the  data  it was found 
t h a t  the  peak fluxes of only ten  burs ts  were s ign i f ican t ly  i n  e r ro r  
(10% t o  25% too  low). These burs ts  a r e  l i s t e d  i n  Table I1 with 
t h e i r  apparent peak counting r a t e s  and the properly corrected t r u e  
, counting r a t e s .  
The geometric obl iqui ty  factor  f ( a )  ( c f .  Equation (111-2)) 
i s  a function of a only and i s  t h a t  fac tor  by which the t r u e  counting 
r a t e  R of a given detector must be multiplied t o  yie ld  the  counting 
r a t e  t h a t  would have exis ted i f  the  standard detector had been 
viewing the  sun fixedly with i t s  axis  through the  center of the sun. 
Provisional values of f ( a )  f o r  each detector were calculated fram 
pre  - f l igh t  experimental determinations of the  angular response 
functions for  i t s  collimator using heterochromatic x-ray beams from 
a 2 kV and a 5 kV x-ray machine i n  vacuo. 
The fina1l.y adopted values of f(a) were determined i n  the  
i dea l  manner, using simultaneous f l i g h t  observations on the  sun by 
successive pa i r s  of detectors  on the  two spacecraft .  
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The GM tube fo r  which the absolute ~ ( h )  versus h curve ( ~ i g u r e  
2 ) was determined was flown on Mariner V. Of the four detectors used 
on Explorers 33 and 35, ( w ) ~ ~ ,  ( G M ~ ) ~ ~ ,  and (m)35 have essent ial ly  
the same window thicknesses as the Mariner V detector (measured with 
an a-part ic le  source). was adopted as the absolute standard, 
f (0') = 1.00 i n  Equation (111-2). 
Since ( G M ~ ) ~ ~  observes solar x rays throughout the year wlth 
a approximately constant (=: go0), i t s  r a t e  was adopted as the 
reference standard f o r  the ra tes  of the three different detectors on 
Explorer 33. The values of a for  each spacecraft a t  any one mcanent 
w e  provided direct ly  t o  a nominal accuracy of f 0.5' by the GSFC 
aspect sensors. 
The canparison of r a t e s  of (GM1) 33' (GW)?~ ,  and ( G M ~ ) ~ ~  with 
graphs on a l igh t  table, taking the data i n  one-day blocks fo r  the  
period 27 July 1967 t o  31 March 1968. Observed values of the r a t i o  
( G M ~ ) ~ ~ / ( G M ~  - GM3)33 as a function of a are plotted i n  Figure 11. 
The accuracy of the adopted curve i s  judged t o  be rt 10% for  a c 15" 
and f 50% for a > 22'. To obtain f ( a )  versus a for  (GM2 - G M ~ )  the  
factor  i s  found tha t  brings the r a t i o  (GML)~*/ (GMB - G M ) ) ~ ~  t o  unity 
a t  a = 0". The curve of Figure 11 i s  multiplied by t h i s  factor  (5.9) 
t o  give the adopted curve of f ( a )  versus a for  ( G M ~  - GM3)33 ( ~ i g u r e  
This process a l s o  determines t he  absolute geometric obl iqui ty  
f ac to r  f ( a )  f o r  (w) a t  a ~ ~ 9 0 " .  Since a i s  always w90°, t h e  35 35 
value f (90" ) = 5.9 (+ - 1%) was adapted a s  the  appropriate constant 
fac to r  f o r  t h i s  detector f o r  use i n  Equation (111-2). 
It i s  assumed t h a t  f(180" - a) f o r  ( G M ~  - ~ 2 ) ~ ~  i s  equal t o  
f ( a )  for  (GM2 - since the  respective tubes and t h e i r  c o l l i -  
mators a r e  e s sen t i a l l y  iden t ica l .  A p a r t i a l  s e t  of overlapping 
f l i g h t  data  fo r  ( G M ~  - G M Z ) ~ ~  and ( G M L ) ~ ~  agrees well  with t he  
curve of Figure 11 and supports t h i s  assumption. 
I n d e t e r m i n i n g f ( a )  f o r  ( G M ~ )  ad i sc repancywas  found 33' 
when p lo t t i ng  t he  r a t i o  D = ( G M I . . ) ~ ~ / ( G M ~ ) ~ ~  a s  a function of a. 
The data  points  corresponding t o  a increasing did not l i e  along t h e  
same smooth curve a s  those corresponding t o  a decreasing. I n  addi-  
t i o n  the  curves did  not coincide fo r  a and (180" - a) as  they should 
fo r  a GM tube with a symmetrical collimator. Also the  minima i n  t he  
curve of D versus a indicated a value of a = 90.5" fo r  a decreasing 
min 
with time and amin = 92.0" fo r  a increasing with time, the  angle a 
being t ha t  read from the  GSFC upt ica l  aspect sensor. 
This discrepancy may be a t t r i bu t ab l e  t o  e i t he r  an up-down 
asymmetry of (GML) or t o  a systematic e r ro r  i n  the  GSFC opt ica l  33 
aspect sensor. Two d i f fe ren t  op t ica l  aspect sensors a r e  used t o  
measure a, one f o r  0" < a < 90" and a second one for  90" < a < 180" . 
- - - - 
The t r a n s i t i o n  f r a  one sensor t o  t he  other i s  made at  a w 90". 
When a versus time was plot ted,  there  was discont inui ty  i n  the  curve 
when t h i s  switch should have occurred. The curves of D versus time 
fo r  the two periods (days 207 t o  268, 1967, a decreasing, and days 
357, 1967 t o  90, 1968, a increasing) were symmetrical. In the f i r s t  
period, D was a minimum a t  day 227.7 and ~ (227 .7  + A t  ) = ~(227 .7  - A t  ) 
f o r  A t  2 22 days (At taken t o  be a posit ive quantity). In the second 
period D was a minimum a t  day 48.0 and ~ ( 4 8 . 0  - A t  ) fo r  A t  27 days. 
Even more significant was the fac t  tha t  ~(227.7  + ~ t )  from the  f i r s t  
period was accurately equal t o  ~ ( 4 8 . 0  - A t )  from the second period, 
as was ~(227.7  - At) equal t o  ~ ( 4 8 . 0  + At). This confirms the bel ief  
i n  the up-down symmetry of (GMl) and suggests that  a be t te r  parameter 33 
than a fo r  t h i s  detector i s  tmin f A t .  
The r a t i o  (GML) / ( G M l )  as a function of A t  i s  shown on 35 33 
Figure 13, The solid c i rc les  denote r a t io s  taken while the sun was 
quiet;  the  X ' s  are r a t io s  obtained during bursts. The fac t  t ha t  the 
counting ra te  of (GM~) i s  1.84 times the counting r a t e  of (w) 35 33 
when both a = go0 and a = 90° i s  consistent with the greater 
33 35 
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window thickness of ( G M ~ ) ~ ~  (1.7 mg cm compared t o  1.3 mg 
for  (GML)?~) .  From Figure 13 it i s  seen tha t  a smooth curve, which 
when multiplied by 5.9 becomes f ( A t  ) for  (GMl) ( ~ i ~ u r e  14), can 33 
be defined t o  an uncertainty 5 1% foy A t  5 20 days, 1 30 $ f o r  20 
( A t  5 30 days, and 5 50% for  30 5 A t  h, 55 days. 
The principal value of the work described in  t h i s  section i s  
i n  bringing the  data from three different detectors on Explorer 33 
for  the period of over one year before the  launch of Explorer 35 t o  
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a c m o n  absolute ba s i s  and i n  obtaining t h e  absolute value of 
f (90") fo r  (GM~),,. 
To determine t h e  geametric ob l iqu i ty  fac tor  f o r  ( G M ~ )  f o r  3 3 
the  time before t h e  launch of Explorer 35, tmin Was assigned t o  t h e  
time when a = 90.5' f o r  a decreasing with time and t o  t he  time when 
a = 92.0" f o r  a increasing with time. The tmin values so determined 
were d a ~  220.7, 1966 a-nd day 41.0, 1967, respectively.  
The f i n a l l y  adopted geametric obl iqui ty  f ac to r s  f (t ) deter-  
mined as described above f o r  2 Ju ly  1966 t o  27 Ju ly  1967 are  summas- 
ized i n  Figure 15. The r e s u l t  of using t he  values of f ( t )  so 
obtained i s  t o  y i e ld  a f l u x  which would have been recorded by 
( G M ~ ) ~ ?  i f  it had been pointed continuously a t  the  sun with a = 0". 
The factor  f(90') = 5.9 i n  Equation (111-2) f o r  ( w ) ~ ~  fur ther  
brings all Explorer 35 fluxes t c ~  the  same basis .  
It i s  evident t h a t  the  adopted values of f ( a )  and f ( t )  f o r  
t h e  several  detectors  are  such as t o  lump together  i n  a single 
fac tor  both purely geometric fac tors  and all other fac tors  t ha t  
d i f f e r  f r o m  detector  t o  detector (window thicknesses, gas pressures, 
etc.  ). 
D. Reduced Data Forms 
As described i n  the  previous sections, University of Iowa 
e q u i p e n t s  on Explorers 33 and 35 have provided a hanogeneous body 
of bas ic  data  on t h e  x-ray f l ux  ~ ( 2  - 12 !) from the  whole disc  of 
t he  sun beginning on 2 July 1966 and continuing a t  the present 
date of writing ( ~ c t o b e r  1969). 
A comprehensive catalog of absolute values of F(2 - 12 i) 
as a function of time has been completed as follows: 
From Explorer 33 : 2 July 1966 t o  30 March 1969 
From Explorer 35: 26 ~ u l y  1967 t o  7 MW 1969 
The data are presented i n  two forms, tabular and graphical. 
Two specimen pages of tabular data  are given i n  Figures 16 
and 17. The f i r s t  column i s  the decimal day of the year t o  f ive  
decimal places a t  the beginning of the telemetry sequence in  the 
second column. Note tha t  0000 UT of 1 January of each year = 
decimal day 0.00000. The geometric obliquity fac tor  i s  given i n  
of the year, the month of the year, the day of the month, and the 
hour, minute, and second of the center time of the x-ray sampling 
interval  associated with the specified telemetry sequence. The 
absolute value of ~ ( 2  - 12 k )  i s  givm i n  the l a s t  column i n  
i i - e r g  (cm2 e c .  Three d ig i t  accuracy has been maintained 
i n  the computer program although it i s  c lear  tha t  the right-hand 
d i g i t  i s  insignificant.  
The graphical f o m  of the data i s  i l l u s t r a t ed  i n  Figures 18 
2 t o  27, inclusive. The f lux i n  milli-erg (an set)-' i s  plotted 
agttinst time, universal time being given along the bottom scale 
and decimal da;ys along the  upper scale. These graphs were computer 
drawn on a m i c r o f i b  p lo t te r .  A wide var ie ty  of solar  ac t i v i t y  
i s  i l l u s t r a t ed .  
Corrections fo r  t h e  varying distance from the  sun t o  the 
ear th  (< 3%) and f o r  t he  varying electromagnetic propagation time 
over the  d i f fe ren t  path lengths involved i n  the  observational 
system ( g 5 sec) and i n  the  location of the  source on the  spher- 
i c a l  sun (A 2 sec)  have been considered t r i v i a l  and have not been 
made. The times given are t he  times of a r r i va l  of so la r  photons at 
t he  earth, not t h e i r  times of mi s s ion  a t  the  sun. 
The r e l a t i v e  uncertainty of t h e  m l o r e r  35 da ta  and of 
normalized Explorer 33 data  during periods of overlapping obser- 
vation i s  thought t o  be l e s s  than f 15% throughout, The r e l a t i ve  
1967) i s  greater--being f 20% f o r  f ( t )  j 30, f 5076 for  50 2 f ( t )  
< 200, and greater  f o r  f ( t )  > 500. The absolute uncertainty i n  
-
the  factor  1.8 x lo-' i n  Equation (111-2) i s  < + 50% f o r  a wide 
var ie ty  of spectra. 
IV. BURST IDENTIFICATION PROCEDURE 
A method was developed t o  both iden t i fy  the  occurrence of 
an x-ra;y burs t  and t o  determine several  parameters of the  burst  by 
computer using as input t he  magnetic tape of reduced solar  x-ray 
flux. A computer approach was used because of the  extent of the  
data  t o  be analyzed and t o  reduce the  subject ivi ty  of the  process 
t o  a minimum. 
A. Method of Ident i f icat ion 
The program used compares, a t  each da ta  point, the  f l u x  value 
t o  a background f l ux  value which has been determined manually and 
fed  i n t o  the  program. When the  r a t i o  of t h e  observed f l ux  t o  the  
background f l u x  exceeds a ce r ta in  a rb i t ra ry  value, a burs t  has 
been found, i t s  parameters are  subsequently determined, and output 
occurs. The a rb i t ra ry  value f o r  t h e  r a t i o  was adopted as  1.5 a f t e r  
t rying several  values from 1.25 t o  4.0; a value l e s s  than 1.5 produces 
an excessive number of spurious burs t  outputs. 
The burs t  parameters obtained and t h e i r  method of determina- 
t i o n  can bes t  be discussed by examining a sample page of the  burs t  
output l i s t i n g ,  as  shown on Figure 28. The beginning time of the  
burs t  i s  the  interpolated time when the  r i s i n g  f lux  curve equals the  
l o c a l  background f l u x  plus 2% of the  peak f lux  increase above 
background. The year, month, and day of month of the  beginning 
time a re  recorded i n  the  f i r s t  three  columns. The next three  
columns a r e  t h e  beginning time i n  hours, minutes, and seconds. 
The time, i n  un i t s  of hours, minutes, and seconds, under 
"PEAK" corresponds t o  the  time of the  maximum f lux  of the  burs t .  
The ending time i s  t he  in terpola ted time when the  f a l l i n g  f l ux  
curve equals the  l o c a l  background flu plus  2% of the  peak f l ux  
increase above background and appears under "END" i n  uni ts  of hours, 
minutes, and seconds. A l l  times used have been corrected t o  corre-  
spond t o  t he  cen t ra l  time of the  flux sampling period. A "u" on a 
beginning, peak, or endirq; time indicates  t ha t  the  time i s  uncertain 
because t he  corresponding data  point was i n  or on the  edge of a 
data  gap. A record mark on a beginning (ending) time indicates t h a t  
the  time value was not determined by the  previously discussed in terpo-  
l a t i o n  scheme because another burs t  occurred before ( a f t e r )  the  
flagged time such t ha t  t he  f l ux  was never small enough i n  value t o  
meet t he  in terpola t ion requirement. I n  t h i s  case the  flagged time 
corresponds t o  t he  time of the  m i n i m u m  f l ux  value a t ta ined.  
A burs t  i s  l i s t e d  a s  one burs t  with two peaks i f  a f t e r  the  
f i r s t  peak t he  f lux  decreased t o  a value l e s s  than 8% of the  
t o t a l  f l ux  value at t h e  time of the  f i r s t  peak and then r i s e s  again 
t o  a value equal t o ,  or exceeding, t he  t o t a l  f l ux  value a t  the  time 
of t he  f i r s t  peak. This procedure can be repeated t o  produce burs t s  
with several  peaks, always using t he  hmediate ly  preceding peak t o  
campare against. In  cases of multiply peaked bursts, t he  beginning 
time i s  determined f r m  the  f i r s t  peak and the  ending time frm t h e  
l a s t  peak i n  the  interpolat ion previously described. 
The column "PEAK VALUE'' l i s t s ,  i n  un i t s  of mil l i -erg  
2 - 1 (cm sec) , t he  f l ux  increase above the  background l eve l  f o r  t he  
maximum f lux  i n  the  burst.  The r a t i o  of t h e  maximum t o t a l  flu t o  the  
background f l ux  appears i n  t he  column "RATIO". The number of da ta  
losses  of f i v e  consecutive minutes o r  more which occurred during 
t he  burs t  are recorded under the  heading "GAPS". 
The r i s e  time, decw time, and t o t a l  duration of the  burs t  
appear under the  broad heading of "TIME" under t he  appropriate sub- 
headings. These values are determined d i r e c t l y  frm the  beginnin 
peak, and ending times. For single burs t s  t he  r i s e  time plus  decay 
time e q u a s  t h e  t o t &  burst  duration. For multiply peaked burs ts  t h i s  
w i l l  not be t rue  due t o  t he  manner of determination of t h e  beginning 
and ending times f o r  these bursts.  
The time in tegra l  of t he  f l ux  increase above the  background 
l e v e l  fo r  each burst  i s  l i s t e d  i n  t h e  column "SUMF" i n  un i t s  of 
-2 
erg cm . The f l ux  i s  summed from t h e  beginning time t o  the  ending 
time of the  burs t .  The contribution t o  t he  in tegra l  occurring before 
t he  beginning time and a f t e r  the  ending time were obtained, t o  a 
f i r s t  approximation, by a t r iangular  extrapolation formula based on 
the  two data points nearest t o  each end. The value appearing then i s  
once corrected t o  obtain more accurately t he  t o t a l  time in t eg ra l  of 
t he  f l ux  fo r  each burst .  
The columns headed by "R/D", "R/T", and "D/T", l i s t  t h e  r a t i o s  
of r i s e  time t o  decw time, r i s e  time t o  t o t a l  burst  duration, and 
decay time t o  t o t a l  burs t  duration, respectively. These quant i t i es  
are calculated d i r ec t l y  from parameters obtained previously. 
The f i n a l  column, "TLOS", contains the r a t i o  of the  time l o s t  
i n  gaps t o  the  t o t &  time of t he  burst .  This value can range from 
0.000 fo r  complete coverage t o  1.000 i f  each point i n  t he  burst  i s  
on the  edge of a gap. The non-zero values given i n  t h i s  column can 
provide an approximate correction t o  the  f lux  time in t eg ra l  values 
during a gap. 
The r e s u l t s  of the  computer analysis were examined together 
with the  graphic& form of t he  da ta  f o r  each l i s t e d  burst  t o  
eliminate, o r  identify,  l i s t i n g s  which disagreed strongly with a 
subjective, v isual  impression of t h e  event. Less than 10% of t he  
burs t s  were i n  disagreement by t h i s  t e s t .  Bursts i n  question were 
done by hand and substi tuted f o r  t he  erroneously l i s t e d  bursts.  
After examination and correction, the  burst  l i s t  was t ransferred t o  
magnetic tape. 
A t o t a l  of 3515 burs t s  and 513 secondary burs t  peaks were 
l i s t e d  i n  t h i s  manner f o r  the  t h e  i n t e rva l  2 July  1966 t o  18 
September 1968 f o r  a t o t a l  of 4028 burs t  peaks. Based on t h e  da ta  
from August 1967 through August 1968 there  were an average of 8 
burs t s  per day. The burs t  occurrence per month f o r  t he  t o t a l  
time period of t h i s  study i s  given i n  Table 111. 
B. Error Discussion 
The uncertainty associated with t h e  time of peak flux'occur- 
rence i s  of the  order of one-half the  time between detector sampling 
intervdls,  o r  41 seconds, except f o r  the  periods 9 October t o  
1 December 1966 and 2 April t o  14 June 1967 when t h i s  uncertainty 
i s  82 seconds. The background f lux  value was defined t o  f 2& during 
t h e  mqjority of t h e  d.ata. During multiply peaked burs t s  t h e  back- 
ground value f o r  the  secondary peaks i s  d i f f i c u l t  t o  determine, even 
when all work i s  done by hand, and may have a g rea te r  uncertainty 
than fo r  the  majori ty of the  events. Secondmy peaks accounted f o r  
15% of t h e  t o t a l  number of peaks found so  tha t  a t  l e a s t  85% of t he  
events have a background f l ux  good t o  f 2C$. 
The uncertainty i n  the  beginning time due t o  -the f 20$ 
I 
possible uncertainty i n  the  background f l ux  value i s  f 4$ f o r  t he  
I 
most common r i s e  time (4 minutes). The uncertainty i n  t he  ending 
time due t o  t h i s  e f fec t  i s  l e s s  than * 1% for  the  most conrmon debw 
time (12 minutes). The r i s e  and decqr times have i n  addition t o 1  
t h e  above poss ib le  uncertaj.nty i n  beginning and ending times t h e  
poss ib le  uncer ta in ty  i n  t h e  peak time. For a  r i s e  time of 4 minutes 
t h i s  uncer ta in ty  i s  rt 17% (rt 34%). The value i n  parentheses r e f e r s  
t o  t h e  two i n t e r v a l s  c i t e d  i n  which t h e  delay between f l u s  samplings 
was longer;  t h i s  nota t ion  w i l l  r e t a i n  i t s  s ign i f i cance  f o r  t h e  
durat ion of t h i s  sect ion.  For a  decay time of 12  minutes the  Lmcer- 
t a i n t y  i s  rt 6% (rt 12%). The r i s e  time uncer ta in ty  i s  then + 21.$ 
(f 38%) and f o r  t h e  decay time is  i- 7% (f 13%). The uncer t a in ty  
values given h e r e  a r e  r ep resen ta t ive  and correspond t o  t h e  most 
common r i s e  and decay times. 
The t o t a l  f l a r e  time has a poss ib le  uncer ta in ty  of  ~t 5%. The 
r a t i o  o f  r i s e  t o  decay time has  a f 28% (6 51%) uncertainty,  t h e  
r a t i o  of r i s e  t o  t o t a l  time f 26% (rt 33%) uncertainty,  and t h e  
r a t i o  of decay t o  t o t a l  t ime + 12% (f 18%) uncertainty.  
The uncer t a in ty  i n  both t h e  absolute value of t h e  f l u x  and 
i n  t h e  r e l a t i v e  f l u x  values has been discussed previously (sec t ion  
111-D). Since t h e  r e l a t i v e  uncer ta in ty  of  f l u x  values i s  a t  most 
f 7% and the  background f l u x  values were determined t o  a t  l e a s t  
& 20%, t h e r e  i s  a t  most a  poss ib le  i- 27% poss ib le  uncer ta in ty  i n  
t h e  r a t i o  of peak f l u x  t o  background f lux .  The f l u x  time i n t e g r a l  
has  a  f 20% uncer ta in ty  due t o  the  background f l u x  uncertainty.  In  
addition, t h e r e  may be up t o  a 20% underestimation of t h e  f l u x  time 
i n t e g r d  due t o  not  completely including t h e  cont r ibut ions  t o  t h e  
i n t e g r a l  occurring before  t h e  beginning time and a f t e r  t h e  ending 
time even though a f i r s t  attempt a t  correction by an extrapolation 
formula, mentioned previously, has been included. There i s  thus 
a 0% t o  -40% possible uncertainty i n  the f lux time integral  value. 
In the studiea made using these parameters, a large number of 
events were used. A wide range of values for  each parameter was 
obtained. The uncer tdnt ies  should occur a t  randam and tend t o  
cancel i n  the  use of a large sample so that  the errors expected i n  
the dis t r ibut ions should be much l e s s  than those given above. Only 
i n  consideration of an individual event could the uncertainty be as 
great as tha t  given previously. 
V. BURST PARAMETER DISTRIBUTIONS 
A study of the  burs t  parameters was campleted t o  determine 
i f  there  were parameters which would allow c l a s s i f i ca t i on  of bursts, 
which c lass i f ica t ion  might provide insight in to  t he  production 
mechanism. 
As a l i s t i n g  on mwnetic tape has been produced containing 
both t h e  parameters fo r  each burs t  and information de ta i l ing  t h e  
qual i ty  of t he  burst  ( i f  and where i n  the  burst  a data  gap had 
occurred), the  d i s t r ibu t ion  of pasameters was a l so  obtained by 
computer. Only events of bes t  qual i ty  i n  each parameter were used; 
t he  exclusion of events i n  each category w i l l  be discussed i n  the  
various parameter d i s t r ibu t ion  sections. 
A. Rise Time 
No r i s e  times were included which were based on a flagged 
beginning or  peak time or f o r  which there  was a da ta  gap between the  
beginning and peak times. The number of events passing these c r i t e r i a  
was 2206. Figure 29 shows the  d i s t r ibu t ion  of 94% of the events 
with good qua l i ty  r i s e  times. The number of events i n  each class,  
the  number of those events shown on the  corresponding plot, and 
t h e  percentage of the  t o t a l  number of events i n  each c l a s s  
appearing on the  p l o t s  i s  given i n  Table IV and w i l l  not be specif- 
i c a l l y  s ta ted  i n  t h e  t e x t  f o r  t he  remaining dis t r ibut ions .  
The most common r i s e  time was 4 minutes; no events were 
observed having a r i s e  time of l e s s  than one minute, t he  l imit ing 
time resolut ion of the  system. A l i nea r  least-squares f i t t i n g  pro- 
gram w i t h  weighting equal t o  the  square root of t he  number of events 
i n  each in te rva l  was used t o  f i t  t he  data, The da ta  from 4 minutes 
t o  38 minutes, comprising 75% of the  events i n  t h i s  distr ibution,  
i s  represented by the  equation 
N = 11.9 exp[(-0.1004 t 0.0009) TI(] 
T > 4 minutes R - 
T i s  the  r i s e  time i n  minutes and N i s  t he  percentage of t h e  t o t a l  R 
number of events i n  t h i s  c lass  which have r i s e  times i n  the  i n t e rva l  
T f 0.5 minutes. Thus N i s  the  percentage probabi l i ty  f o r  the  R 
occurrence of a burs t  i n  t h e  d i f f e r en t i a l  i n t e rva l  TR f 0.5 minutes. 
I 
The uncertainty expressed i n  t he  exponent i s  t he  standard 
deviation of the  exponent as  determined i n  t he  f i t t i n g  program. The 
uncer ta int ies  expressed f o r  a l l  following exponents determined f o r  
parameter d i s t r ibu t ions  were determined i n  t h i s  s m e  manner unless 
spec i f ica l ly  s ta ted  otherwise. In addition, t h e  parameters used 
correspond t o  those a c t u a l y  observed; there  has been no correction 
o r  elimination of events which may be t h e  superposition of two or  
more d i f fe ren t  solar  events. This w i l l  not a f fec t  s ign i f ican t ly  
t h e  most prominent features  of the  d i s t r ibu t ion  as solar  events, 
evidenced by H a  f l a r e  reports, overlap i n  time rarely .  The e f f ec t  
may be more s ignif icant  f o r  the  f i ne r  d e t a i l s  i n  t h e  dis t r ibut ions .  
B. Deca~r Time 
No decay times were included which were determined from 
flagged peak or  ending times or  f o r  which there  was a da ta  gap 
between the  peak and ending times. The d i s t r ibu t ion  of decay 
times so obtained i s  shown on Figure 30. The most common decay 
time i s  10 - 13 minutes; a nominal value of 1 2  minutes will be used 
henceforth t o  denote t h i s  time. 
There a re  two peaks, one a t  18 minutes and one a t  29 minutes, 
which are not qu i te  within the  l i m i t s  of s t a t i s t i c a l  uncertainty of 
the  adjoining values. However, the  widths of these apparent peaks 
m e  t h e  minimum width possible (one i n t e rva l  only) and are only 
s l i g h t l y  outside the  s t a t i s t i c a l  uncertainty l imi t .  On t h i s  basis, 
it i s  thought t h a t  these peaks do not represent s ignif icant  decay 
time peaks but owe t h e i r  existence t o  the  sample s i ze  used and t o  
s t a t i s t i c a l  f luctuat ions .  There is  then only one s ignif icant  peak 
i n  t h i s  d i s t r ibu t ion  a t  a nominal value of 12 minutes. 
C. Total Duration 
Only single burs ts  continuous a t  t he  ?-minute i n t e rva l  l e v e l  
and without flagged beginning or  ending times were included i n  t h i s  
dis t r ibut ion.  The t o t a l  burs t  duration d i s t r ibu t ion  i s  shown on 
Figure 31. No burs t s  were observed with a duration of l e s s  than 
2 minutes. A nominal value f o r  t h e  most common burs t  duration i s  
16 minutes, although the  peak i s  ra ther  broad (8 - 24 minutes). 
There i s  no evidence of more than one peak i n  t h e  t o t a l  burs t  
duration dis t r ibut ion,  
Using the  same c r i t e r i a  as were used before i n  t he  r i s e  time, 
decw time, and t o t a l  duration dis t r ibut ions ,  the  d i s t r ibu t ion  of 
burs t s  with respect t o  the  r a t i o  of t he  r i s e  (decay) time t o  t o t a l  
duration was examined. The d i s t r ibu t ions  so obtained are  shown i n  
Figures 32 and 33, respectively. The s o l i t a r y  peak i n  the  dis-  
t r i bu t ion  of the  r i s e  (decay) time divided by the  tote2 duration 
i s  a t  0.25 (0.75). 
The same c r i t e r i a  as before were again used t o  define good 
qua l i ty  r i s e  and deca~r times. The d i s t r ibu t ion  of events with 
respect t o  the  r a t i o  of r i s e  t o  decay time i s  shown on Figure 34. 
From a r a t i o  of 0.3 t o  a r a t i o  of 2.7, camprising 69$ of t h e  events 
i n  t h i s  category, t he  dis ' t r ibution can be represented by 
where N i s  t he  percentage of events, r e l a t i ve  t o  the  t o t a l  number 
of events i n  t h e  distr ibution,  per 0.1 i n t e rva l  centered on the  
r a t i o  of r i s e  t o  decay time, T ~ / T ~ .  The s ignif icant  peak i n  t h i s  
d i s t r ibu t ion  occurs a t  a r a t i o  of r i s e  t o  decay time of 0.3. 
There i s  no evidence i n  t he  temporal parameter d i s t r ibu t ions  
f o r  t h e  existence of more than one c lass  of x-ray burs t  i n  the  
2 - 12 k ( 1  - 6 k e ~ )  range. More c lasses  may ex i s t  but they can not 
occur f o r  a substant ia l  number of bursts .  It appears adequate t o  
consid.er burs t s  as being of one standard form with wide l a t i t u d e  i n  
a l l  parameters. The temporal description of t h i s  standard (most 
(decay) time t o  t o t a l  time of 0.25 (0.75), and r a t i o  of r i s e  t o  
decay time of 0.3. 
These typ ica l  values f o r  1 - 6 keV burs t s  may be compared 
with the  values reported f o r  3.0 - 4.5 keV burs ts  and 7.7 - 12.5 keV 
bursts.  A 10% t o  90% r i s e  time and 90% t o  10% fa l l  time were given 
f o r  t h e  t yp i ca l  3.0 - 4.5 keV burs ts  by Culhane and Ph i l l i p s  [1969], 
An e-folding r i s e  and f a l l  time f o r  a typ ica l  7.7 - 12.5 keV burst  
was given by Hudson, Peterson, and Schwwtz [1$9b]. The given r i s e  
and decay times were then used t o  compute temporal parameters 
comparable t o  those obtained i n  t h i s  study. The canparison of 
typical parameters i s  presented i n  Table V. There i s  a progressive 
increase i n  energy of the bursts being sampled by the three groups, 
so the change of the parameters with increasing x-ray hardness w i l l  
be seen. This i s  immediately evident i n  the r i s e  time comparison. 
A decreasing r i s e  time with increasing burst hardness i s  clear ly 
seen. The trend of the decay time t o  decrease i s  c lear ly seen 
from the 1 - 6 keV bursts t o  harder bursts, although between the 
two harder bursts the decay time actually increases with increasing 
hardness. The t o t a l  duration of the softer  bursts i s  c lear ly seen, 
although the two harder bursts have the same duration. For the 
remaining r a t i o  parameters the 1 - 6 keV values i n  a l l  three cases 
l i e  nearly midway between the other two values. If the average 
were taken, the 1 - 6 keV values would be very nearly attained. 
The r a t i o  values a re  strongly affected by any uncertainty i n  the 
r i s e  or decay times so tha t  l e s s  agreement would be expected 
among them. 
Three parameters related t o  the intensi ty  of the burst  were 
examined: the r a t i o  of the t o t a l  f lux t o  the background flux 
evaluated a t  the burst  peak; the flux increase frm background 
evaluated a t  the burst  peak, called the "peak flux"; and the time 
integral  of the flux increase fram background during the event. 
The dis t r ibut ion f o r  r a t i o  of t o t a l  f l ux  t o  background TPux 
evaluated a t  burs t  maximum u t i l i z e d  no events f o r  which t he  peak 
in t ens i t y  occurred on the  edge of a  data  gap ( the  maximum in tens i ty  
was not def in i te ly  observed). Since the  burst  iden t i f i ca t ion  
c r i t e r i on  was s e t  f o r  a  r a t i o  of a t  l e a s t  1.5, the  observed number 
of events i n  t he  r a t i o  i n t e rva l  1 .5  t o  2.0 was doubled t o  y ie ld  
t he  number i n  the  r a t i o  i n t e rva l  of 1.0 t o  2.0. The resul t ing 
d i s t r ibu t ion  i s  shown i n  Figure 35. The da ta  can be well  represented 
f o r  four decades by the  equaticm 
where 
(F') , = ( t o t &  observed f lux  
background f l ux  
maximum burst  in tens i ty  
and N i s  t he  percentage of events occurring i n  the  i n t e rva l  
( F / B ) ~  & 0.5. This d i s t r ibu t ion  could be f i t  by an empirical 
r e l a t i on  b e t t e r  t h m  any other studied. 
It i s  in te res t ing  t o  note t h a t  only 16% of the  events have 
a  ra t io ,  ( F / B ) ~  , of 4.0 o r  more. Such a  r a t i o  value i s  adopted 
fo r  t h e  burs t  t o  be included i n  the so la r  x-ray f l a r e  l i s t i n g  
published i n  t h e  ESSA bu l l e t i n  [Van Allen, 
1$7b]. Thus, 84% of the events represented on Figure 35 were not 
includ,ed i n  the published f l m e  l i s t ings .  
H. Peak Flux 
The peak flux, F , i s  defined as the  f lux increase above 
P 
the background level, evaluated a t  the peak or maximum in tens i ty  
of the  burst or, 
F = ( F -  
P BIP 
There i s  the additional constraint t ha t  
These two conditions combined r e s t r i c t  the peak f lux  values t o  
2 For example, a peak f lux  value l e s s  than 1.0 milli-erg (cm set)-l 
can not be recorded i f  the background f lux exceeds 2.0 mill i-erg 
2 -1 (cm sec) , The data analysis method used thus discriminates 
against low intensi ty  bursts on the basis  of the background f lux  
value. 
An attempt was made t o  correct  f o r  t h i s  e f fec t  by preparing 
a frequency of occurrence histogram f o r  t h e  background flux. The 
fac tor  was then determined by which t o  multiply the  number of events 
i n  each f lux  i n t e rva l  t o  normalize t h i s  number t o  a 10@ frequency 
of background f lux  occurrence. The grea tes t  correction fac tor  used 
2 -1 
was 1.7 f o r  the  0.0 - 1.0 mil l i -erg  (a sec) . 
There i s  a tend.ency f o r  the  degree of solar  burst  a c t i v i t y  
and the  background f l ux  l eve l  t o  t rack  one another. A greater  per- 
centage of t he  burs t s  tend t o  occur when t h e  background f l u x  l e v e l  
i s  higher. Since the  number of events i n  the  lower peak f l ux  
in te rva l s  were necessar i ly  obtained during r e l a t i ve ly  quiet  periods, 
it i s  probable t h a t  t he  correction applied does not provide enough 
of an increase f o r  these events. It i s  believed t h a t  the  correction 
t h a t  the  number of events i n  t h e  lower peak f l ux  in te rva l s  may yet  
be too low. 
The d i s t r ibu t ion  obtained a f t e r  correcting the  da ta  as 
described, again excluding any peak f l u x  values observed on the  
edge of a da ta  gap, i s  shown on Figure 36. There i s  an apparent 
peak i n  the  d i s t r ibu t ion  seen a t  a peak f l ux  value of 1.0 - 2.0 
m i l - e r g  (a2 s e )  The r e a l i t y  of t h i s  peak i s  not claimed; it 
i s  most l i k e l y  due t o  the  background f l ux  and the  selection problem 
discussed previously. 
The peak f l ux  d i s t r ibu t ion  can be approximated by a  power 
law rela t ion.  Excluding the  lowest peak flux interval ,  t he  most 
questionable one, t h e  equation fo r  1 .0  _< F 5 100.0 mil l i -erg  
P 
2 -1 (an sec) i s  
where N i s  the  percentage of burs ts  with peak f l ux  F i n  the  
P 
in te rva l  F  f 0.5. The d i s t r ibu t ion  falls below t h i s  curve a t  
P  
t he  higher peak f l u x  values. If t h e  second most questionable 
i n t e rva l  i s  excluded,, so t h a t  t he  peak f l u x  range used i s  
2 2.0 F 100.0 mil l i -erg  (cm set)-l, the  equation i s  
P 
with the  symbols re ta ining t h e i r  previous definit ions.  These two 
equations represent 85% and 56% of t he  t o t a l  number of events i n  
Figure 36. 
It i s  concluded t h a t  t he  d i s t r ibu t ion  of burs ts  by peak f l ux  
can be represented by a  power law r e l a t i on  with exponent -1.75 f 
0.1 over a  range of two orders of magnitude i n  peak f l u x  va3ue. A t  
higher f l ux  values t he  d i s t r ibu t ion  f a l l s  o f f  more rapidly than the  
given power law rela t ion.  There were only 14 burs t s  with peak f l ux  
greater  than 100.0 mil l i -erg  (cm2 set)-l i n  the  time in t e rva l  under 
consideration. 
The f l ux  time in tegra l  d i s t r ibu t ion  was constructed using 
only events which had no data  gaps during t he  event and f o r  which 
the  beginning and ending points were def in i te ly  known ( these points 
were unflagged). The f l ux  time in t eg ra l  was corrected fo r  end 
contributions by t he  extrapolation method discussed i n  Section IV-A.  
In addition, t he  uncertainty discussed i n  t he  previous section 
concerning the  number of events f o r  the  smaller peak f l ux  values 
must a lso  a f fec t  the  number of events f o r  t h e  smaller f l ux  time 
in t eg ra l  values. No simple correction can be attempted f o r  t he  
smaller f l ux  time in t eg ra l  values as it was f o r  the smaller peak 
-2 
t h e  lowest interval ,  0.0 - 1.0 erg cm which should be most 
affected, was excluded from the  dis t r ibut ion.  
The d i s t r ibu t ion  of f l ux  time in t eg ra l  values i s  presented 
i n  Figure 37. The d i s t r ibu t ion  can be represented by 
where N i s  t he  percentage of events occurring with a f l ux  time 
-2 in tegra l  value, F d t  i n  erg cm , i n  t he  i n t e rva l  F d t  0.5. 
-2 
The f lux  time in t eg ra l  values are i n  t h e  range 1 - 100 erg cm . 
The examination of burst  intensi ty  parameters again indicates 
no need t o  consider more than one class  of burst. There i s  a smooth 
variation seen i n  all three dis t r ibut ions such tha t  a power l a w  
re la t ion  c m  represent the data. 
The concept of a solar x-ray burst  arising from t h i s  study 
i s  of one standard form of event with the individuality of events 
owing t o  the departure of one o r  more parameters from t h e i r  typic& 
or  most cammon values. Nine parameters were examined i n  t h i s  study. 
A burst may appear t o  depart substantially from the  standard i f ,  
f o r  exarmple, two parameters depart from the i r  most c c m m  values. 
The most common values might be the resu l t  of approximately the 
sane physical conditions existing for  the production of the majority 
of burst  x-rays while t h e i r  departure fram typical  values might 
indicate the  departure of one or  more of the pertinent physical 
parameters i n  the  emission region from i t s  usual s ta te .  The t rue  
complexity of the f la r ing  process i s  then manifested i n  the observed 
x-ray bursts. 
V I .  COMPARISON WITH Ha: FLARES 
The sof t  x-ray burs t s  were compared with Ha: f l a r e s  l i s t e d  
i n  (1966-1969). AII HCX f l a r e  and an x-ray 
burs t  were considered associated i f  e i ther  t he  s t a r t  time of t he  
two phenomena coincided within 5 minutes or i f  t he  peak f l a r e  and 
peak burs t  times coincided within 10 minutes. Both confirmed and 
small o r  unconfirmed Ha f l a r e s  were included i n  the  study, the  
confirmed da ta  being examined f i r s t .  The r e l a t i v e  occurrence 
s t a t i s t i c s  were determined, t he  dependence of peak x - r w  f lux  
upon f l a r e  importance was examined, and the heliographic longi- 
tude d i s t r ibu t ions  of both Ha f l a r e s  and so f t  x - r w  burs t s  were 
studied. 
A. Relative Occurrence S t  a t i s t i c s  
Of the  4028 x - r w  burs t s  l i s t ed ,  176 had uncertain peak 
times or  occurred during periods of no H a  f l a r e  patrol .  O f  the  
remaining 3852 events, 70% could be associated with Ha: f l a r e s  i n  
the  manner described. This agrees closely with the  correla t ion 
of 6Yo between 7.7 - 12.5 keV burs t s  and I-U f l a r e s  [Hudson, 
Peterson, and Schwartz, 1968; 1969a, b] but d i f f e r s  considerably 
from the  correla t ion of 46% between 3.0 - 4.5 keV burs ts  with Har 
f l a r e s  [ Culhane and Phi l l ips ,  19691. A cor re la t ion  of 71 - 8& 
was found between 3 keV burs ts  and Ha f l a r e s  by Harries [1968]. 
During the  time period under consideration i n  t h i s  study, 
16,468 Ha f l a r e s  occurred. Ha f l a r e s  occurring during periods 
of no x-ray da ta  f o r  several  hours o r  more were excluded. Periods 
of no x-ray da ta  of l e s s  than several hours occur more frequently 
and have no re la t ionship t o  HCX f l a r e  occurrence. This w i l l ,  hawever, 
affect  t h e  percentage of Ha: f l a r e s  associated with x-ray bursts.  
For instance, t he  correla t ion of Ha f l m e s  (16,468) with sof t  x-ray 
burs ts  (2698) i s  only 16%. This i s  very l a w  campared t o  the  values 
of 65% f o r  Ha: f l a r e s  and 3.0 - 4.5 keV bu r s t s  [Culhane and Phi l l ips ,  
19691 and 88% for  Ha f l a r e s  and 7.7 - 12.5 keV burs t s  [Hudson, 
Peterson, and Schwartz, 1968; 1969a, b]. 
However, the  number of Ha! f l a r e s  accmpmied by x-ra;y bu r s t s  
depends strongly on the  s ens i t i v i t y  of t he  x-ray detection method. 
The number of x-ray burs t s  increases strongly with decreasing peak 
x-ray flux. A fac tor  of 3 or  4 increase i n  t h e  number of x-ray 
burs t s  l i s t e d  might be real ized by decreasing the  asbi t rary  burs t  
iden t i f i ca t ion  c r i t e r i on  from 1.5 t o  1.2 f o r  t h e  f lux  r a t i o  t o  
background a t  burst  peak. Also small burs t s  occurring during the  
r i s e  o r  decay of a l a rger  burs t  may be obscured and not l i s t ed .  
To i l l u s t r a t e  these points, t he  da ta  f o r  the  month of March 1968 
was examined i n  de t a i l ,  
The r e s u l t s  of t h i s  comparison are  presented i n  Table VI. 
The comparison was broken down by f l a r e  importance. The four 
categories i n to  which Ha: f l a r e s  were sorted a re :  an Ha f l a r e  
accompanied by a l i s t e d  x-ray burst ;  an Ha: f l a r e  accompanied by 
an x-rey increase too s m a l l  t o  be l i s t e d  as a burs t  but s t i l l  
noticeable i n  v i sua l  exmina,tion of the  data; an H a  f l a r e  during 
periods of no x-ray da ta  coverage; and an Ha: f l a r e  with no 
detectable x-ray burs t .  The dependence within each category on 
f l a r e  importance and t h e  contrast  between t h e  t o t a l  number of Ha: 
f l a r e s  accompanied by l i s t e d  x-ray burs t s  and those accompanied 
by un l i s ted  but noticeable x-ray burs t s  exemplify t he  strong 
dependence of t h e  number of Ha f l a r e s  accompanied by x-ray burs ts  
on t he  x-ray burs t  sens i t iv i ty .  Furthermore, of 98 HLx f l a r e s  with 
no detectable x-ray bursts ,  only 3 f l a r e s  are of importance greater  
than a subflare. Figure 27 i s  the  x-ray da ta  fo r  the  time during 
which one of t h e  1 N  I-bx f l a r e s  with no detectable x-ray burs t s  
occurred. This confirmed f l a r e  s t a r t e d  on 20 March 1968 a t  0745, 
was a t  maximum phase as determined from asea measurements a t  0001, 
and ended a t  0836. The heliographic coordinates were 523, W78 i n  
McMath plage region 9282. No x-ray enhancement greater  than t h e  
s t a t i s t i c a l  f luc tua t ions  i n  t h e  data  i s  seen during the e n t i r e  
time of t he  Ha: f l a r e .  
The t o t a l  number of Ha f l a r e s  given f o r  t he  month of March 
1968 i s  528, The number which occurred during periods of x-ray 
data  coverage i s  405, The percentage association of HCi f l a r e s  
and l i s t e d  x-ray burs ts  i s  then 17% or 22$, depending on whether 
t he  t o t a l  number of f l a r e s  f o r  t he  month o r  t he  number of f l axes  
during periods of x-ray coverage only are used. If the  number of 
H a  f l a r e s  accompanied by & l i s t e d  but noticeable x-r8y burs t s  i s  
included, the  percentage association becomes 76%, using f l a r e  data  
only during periods of x-ray observations. The range of t h e  per- 
centage association i s  seen t o  be la rge  and strongly dependent on 
t he  c r i t e r i a  used. This deta i led comparison f o r  March 1968 i s  
thought t o  give typical ,  representative resu l t s .  The mean value 
of t he  r e l a t i ve  occurrence probabil i ty,  shown on Figure 43, f o r  
t he  en t i r e  period July 1966 t o  September 1968 i s  175, t he  same 
as  t h a t  fo r  Masch 1968 when all Har bursts  were included. 
The t o t a l  number of x-ray burs t s  associated with each Bb' 
importance c lass i f ica t ion  as a f inc t ion  of the  c l a s s i f i ca t i on  i s  
shotm on Figure 38. It i s  c lea r  from t h i s  p lo t  t h a t  t he  number of 
associated burs t s  increases strongly with decreasing f l a r e  import- 
ance, as Table V I  a lso  shows. 
It has been asserted previously t ha t  d l  HLX f l a r e s  produce 
x-ray burs ts  [Teske, 1969; Hudson, Peterson, and Schwartz, 1968; 
1969a, b ] ,  With the  demonstrated dependence on sens i t i v i t y  of 
t he  percentage association between Ha f l a r e s  and x-ray burs t s  
shown i n  t h i s  study, t he  assert ion t ha t  all events produce 
x-ray bursts  i s  strongly supported. 
Several addit ional  s tudies  were developed a f t e r  associat ing 
t h e  2698 x-ray burs ts  with Ha f l a r e s .  The dependence of t h e  x-ray 
burs t  peak f l ux  on Ha importance was examined. The x-ray data  were 
broken i n t o  two groups f o r  scaling purposes i n  plot t ing.  Those 
2 having a  peak burs t  f l ux  l e s s  than 10.0 mil l i -erg  (a see)"' com- 
pr ised one group, while those with peak f l ux  grea te r  than 10.0 
2 -1 
mil l i -erg  (a sec) comprised t h e  second. The da ta  f o r  t h e  f i r s t  
group i s  shown i n  Figure 39. The most s ignif icant  fea tu res  of t h i s  
p lo t  are  t h e  rapid increase i n  t he  number of x-ray burs t s  a t  smaller 
f l a r e  importances and t h a t  t he  number of x - r w  burs t s  increases with 
decreasing p e e  f l ux  value. 
The p lo t  of events with peak f l ux  greater  than 10.0 mil l i -erg  
-1 (on2 sec)  i s  shown i n  Figure 40. In  t h i s  plot ,  a  loose dependence 
of peak f l u x  on f l a r e  importance can be seen. The lasges t  peak f l ux  
value within an importance c l a s s i f i c a t i on  increases from F t o  N t o  B 
i n  each case except f o r  importance 3, i n  which the  s t a t i s t i c s  are  
not s ignif icant .  Also t h e  l a rge s t  peak f l ux  i n  each c l a s s i f i c a t i on  
increases i n  going from c l a s s  t o  c l a s s  a t  t h e  same brightness level .  
The one exception t o  t h i s  trend i s  t h e  high, c i rc led point of 1 N  
importmce. This confirmed f l w e  occurred on 6  July  1968 with maxi- 
mum phase at 0956. This event was reported by ten s ta t ions .  It 
was reported as -N by 3 stat ions,  as 1 N  by 3, as 1 B  and 2F by one 
each, and as  2B by 2 s ta t ions .  The maximum f l a r e  times reported 
ranged from 0944 t o  0957. On t h e  bas i s  of t h e  wide va r i ab i l i t y  i n  
the  op t ica l  repor ts  of t h i s  f l a re ,  it i s  argued t h a t  t h e  labeling 
of t h i s  f l a r e  as  I N  i s  questionable and t h a t  t h i s  one f l a r e  which 
does not agree with t he  general. trend of the  data  i s  of l i t t l e  
significance. There does appear a general increase i n  a gross sense, 
then, of t he  x-ray f l ux  both with increasing f l a r e  area  and with 
increasing r e l a t i v e  in tens i ty  evaluation of the  brightness. However, 
on an individual basis, it i s  seen t h a t  a t  smaller f l ux  values an 
x-ray burs t  could be produced by an HCY f l a r e  of any importance. 
It was pointed out i n  the  introduction t ha t  t he  x-ray f l ux  
i s  dependent on t he  volume of the  act ivated region. The I32 f l a r e  
inportance i s  based on the  area of t h e  H c ~  f l a r e  region. Since t he  
two phenomena are re la ted  temporally and since they do occur i n  t h e  
same general area on t he  sun [Vaiana e t  al., 19681, t h i s  provide 
same bas i s  f o r  expecting a dependence of x-ray flux on f l a r e  
importance. A p lo t  of the  median x-ray burs t  f l ux  against f l aze  
importance i s  shown i n  Figure 41. This p lo t  again shows a depen- 
dence of x-ray f l ux  both on f l a r e  area and b r i l l i ance .  The median 
burs t  f l u x  increases both within a c lass i f ica t ion  but with increasing 
brightness and from class  t o  c l a s s  a t  the  same brightness. S t a t i s t i c s  
were insuf f ic ien t  t o  include the  importance 3 data. 
The general  t rend of increasing x-ray f l ux  both with f l a r e  
area and with f l a r e  brightness are shown by the  da ta  presented 
i n  t h i s  section. The increase i n  the  number of x-ray burs t s  w i t h  
decreasing f l a r e  importance, similar  t o  the  t rend i n  Xa f l a r e  
occurrences, i s  a l so  evidenced by t h i s  data. 
The posi t ion on t h e  so las  disk of the  source of an x - rw  
burst  i s  assumed t o  be t he  same as t h a t  of t h e  associated H a  f l a r e .  
The 2698 x-ray burs ts  which were associated with Ha f l a r e s  were 
examined t o  determine if  any d i r ee t i ona l i t y  e x i s t s  i n  the  
x radiat ion.  
The east-west symmetry of t he  x-ray sources was examined 
f i r s t .  It was found t h a t  1366 burs t s  occurred a t  e a s t  longitudes 
and 1332 occurred a t  west longitudes. These numbers do not d i f f e r  
by a s t a t i s t i c a 9 l y  s ign i f ican t  factor .  No east-west asymmetry i s  
obser 
The heliographic longitude d i s t r ibu t ion  of x-ray burs t s  was 
next examined. The longitude d i s t r ibu t ion  of University of Iowa 
observed 1 - 6 keV burs t s  has been studied by Ohki [1$9] and Pinter  
[1$9]. On t h e  bas i s  of t h i s  and other x-ray data, they both con- 
clude d i r e c t i v i t y  of t he  emission i s  present and both a t t r i bu t e  t h e  
d i r e c t i v i t y  t o  non-thermal bremsstrahlung produced by anisotropic, 
energetic e lect ron streams, 
The conclusion reached by Ohki [1$9] i s  based upon t he  
nonuniform longitude dist15bution of 46 hard (> 10 k e ~ )  x-r@y 
bursts .  The conclusion of Pinter  [1$9] i s  based on the  apparent 
peak i n  t he  longitude d i s t r ibu t ion  of three  d i f fe ren t  energy range 
x-rey burs t s  (0.6 - 1.6 keV, 1 - 6 keV, 10 - 50 k e ~ )  moving from 
0" t o  - 50" with increasing photon energy. Again the  number of 
events used fo r  the  hard x-ray burs ts  was s m a l l  (46). Considering 
s t a t i s t i c a l  f luctuations,  t h e  t rend i n  ne i ther  author's d i s t r ibu t ions  
seems s ignif icant ,  Also, Ohki [1969] f inds  the  1 - 6 keV burst  
occurrence uniform i n  longitude while Pinter [1$9] claims a peak 
i n  t h e i r  d i s t r ibu t ion  a t  30" - 40" heliographic longitude. The 
1 - 6 keV longitude d i s t r ibu t ion  i s  the  s t a t i s t i c d l y  most s ignif-  
i can t  d i s t r ibu t ion  e i ther  author uses, but they disagree on i t s  
f om. 
In  addition, ne i ther  author takes i n t o  account exp l i c i t l y  
t h e  longitude d i s t r ibu t ion  of t he  f l a r e s  against which the  x-ray 
burs t s  were campwed. Ohki [1969] mentions t h a t  there  i s  a 296 
decrease i n  t he  number of H ~ x  f l a r e s  observed a t  60" - 90" compared 
t o  those observed a t  0" - 30" but assumes t h i s  e f fec t  s m a l l  enough 
t o  be negligible. 
The number of IW: f l a r e s  per 10" of heliographic longitude 
fo r  t h e  period July 1966 t o  September 1968 i s  shown on Figure 42. 
The e r ro r  bars are f JN where N i s  the  number of f l a r e s  i n  each 
10" longitude interval .  It i s  seen t ha t  there  i s  a s ign i f iaan t  
decrease i n  the  number of events a t  higher longitude values. There 
i s  &so a weak peak i n  t he  d i s t r ibu t ion  a t  30" - 40" longitude, 
j u s t  as Pinter  [1$9] found f o r  t h e  1 - 6 keV burst  longitude 
dis t r ibut ion.  These two d i s t r ibu t ions  are  very similar ,  It i s  
c lea r  t h a t  care must be t a ~ e n  t o  properly take i n to  account t he  
HCl f l a r e  longitude dis t r ibut ion.  
This was done by using t h e  r e l a t i v e  occurrence probabi l i ty  
of x-ray burs t s  compared t o  Ha f l a r e s  per  10" longitude. That i s ,  
t h e  nmber  of x-ray burs t s  per  10" of longitude was divided by t h e  
number of f l a r e s  which occurred i n  t h a t  same 10" interval .  This 
should remove any Ha: longitude dependence i r r e g u l a r i t i e s  and leave 
only t he  x-ray burs t  longitude dependence i n  evidence. The r e s u l t s  
so obtained are  shown on Figure 43. The mean value of t he  r e l a t i v e  
occurrence probabil i ty,  0.17, indicates  t h a t  about 6 times as many 
Ha: f l a r e s  occur as do x-ray burs ts .  This point  was discussed i n  
Section VI-A where it was shown t h a t  t h i s  r a t i o  i s  a strong function 
of t h e  c r i t e r i a  of t he  x - r w  burs t  iden t i f i ca t ion  process. The 
e r ro r  bars on Figure 43 were determined by t h e  l a rge s t  change 
poss ible  i n  the  r a t i o  due t o  counting s t a t i s t i c s .  On t h i s  basis ,  
some r e a l  var ia t ions  do appear t o  occur at longitudes 70" - 9". 
However, t h e  var ia t ion  i n  these  two in t e rva l s  i s  thought t o  be a 
r e s u l t  of the  vaxiation i n  t h e  number of Ha: f l a r e s  observed a t  
70" - go0, as seen on Figure 42. Too few Ha f l a r e s  are  seen from 
70" - 80" and too  many, re la t ive ly ,  from 80" - 90". This may be 
t he  r e s u l t  of the  d i f f i c u l t y  of assigning a longitude value t o  a 
f l a r e  a t  longitudes of 70" - 90". Also, bursts  occurring up t o  
10" beyond the  limb may be visible, increasing the  number observed 
from 80" - go0, as seen on Figure 42. I f  i n  Figure 43 the 70" - 80" 
re la t ive  occurrence probability and the 80" - 90" value m e  averaged, 
the average of the other 7 intervals  i s  closely approached. For 
these reasons the  variation i n  the x-ray burst  re la t ive  occurrence 
probability longitude distribution a t  70" - 90' i s  thought not t o  
re f lec t  the  x-ray longitude dependence and i s  therefore dram as 
a heavy dashed l ine.  
The central  l i gh t  dashed l i n e  i s  the  mean value of the 
re la t ive  occurrence probabili ty for  the 9 intervals.  The upper 
and lower dashed l ines  m e  one standard deviation from the mean 
value as determined from the interval  values. All the re la t ive  
occurrence probabili ty values, except the 70" - 90' values, l i e  
within one standard deviation of the mean. It has been pointed 
out tha t  the averwe of the 70" - 90" values i s  very close t o  the 
mean value, There i s  a gradual r i s e  to, and f a l l  frcsn, an appwent 
peak a t  40" - 50" i n  the distribution. However, i n  view of the  
error bars shown and tha t  a l l  points, except 70" - WO, l i e  within 
one s t  andard deviation of the mean, t h i s  peak i s  not thought t o  be 
s t a t i s t i c a l l y  significant,  This figure i s  taken t o  show t h a t  there 
i s  no s ignif icant  d i rec t iv i ty  t o  the 1 - 6 keV x radiation. 
It would seem quite fortuitous, i n  view of the  simplicity of 
the two models assumed and of the complexity of different individual 
events, and t h e i r  corresponding geometries, i f  d i rec t iv i ty  were 
actually discerned i n  a longitudinal burst occurrence distribution, 
A lack of ~ r e c t i v i t y  i n  3.0 - 4,5 keV bursts i s  also found 
by Culhane and a i l l i p s  [1969], supporting the r e su l t s  of the present 
study and additionally contradicting the r e su l t s  of Ohki [l969] and 
Pint e r  [1969], 
V I I ,  COMPARISON WITH HARD (> 6 k e ~ )  X-RAY BURSTS 
The 1 - 6 keV burst x-ray flux recorded by Explorer 33 and 
Explorer 35 i s  insensitive t o  the  spectral distribution of the 
x radiation and provides only the magnitude of the flux i n  t h i s  
energy range. Both the magnitude and the spectral distribution 
must necessarily be known t o  examine quantitatively the observa- 
t ional  data in  terms of possible emission mechanisms, To t h i s  
end a comparison of the  1 - 6 keV bursts was made with two different 
experimental observations of hard (photon energy > 6 k e ~ )  x-ray 
bursts. 
X-ray bursts i n  the energy range 10 - 50 keV were observed 
by the University of Minnesota Cosmic Ray Group with ionization 
chambers on the s a t e l l i t e s  OGO I and WO I11 for the time interval  
5 September 1964 t o  31 December 1967. The cataloged form of these 
1 
observations [ APnoldy, Kane, and Winckler, l$8; Kane and Winckler, 
19691 was used i n  a comparison study with the 1 - 6 keV bursts. 
The increase i n  the  ionization chamber r a t e  and the time of the  
peak of the  hard x-ray burst were taken f r m  the plots  given i n  
the  hard x-ray a t las ,  The ionization chamber r a t e  increases could 
be read with a t  most a f 10 $ possible uncertainty and the peak 
time could be read t o  f 1 minute accuracy. 
There were 134 hard x-ray bursts l i s t e d  during times when 
University of Iawa equipment provided soft  x-ray data. Of these 
134 hard x-ray bursts, accompanying soft  x-ray bursts as l i s t e d  
by the  burst program could be found for 100 bursts. The cr i ter ion 
for  association was tha t  the  peaks coincide within f 10 minutes. 
The degree of association by t h i s  cr i ter ion i s  then 755. Of the 
34 hard x-ray bursts for  which no associated soft  x-ray bursts 
were found, 17 occurred with a time difference of f 12 t o  f 35 
minutes between peaks and 7 occurred on 3 M a y  1967 when the  soft  
x-ray f lux was high. 
Both the  hard x-ray burst counting ra t e  and the  correspond- 
ing sof t  x-ray flux fo r  two typical  events are shown in Figures 
44 and 45. The symbols shown correspond t o  the actual data points 
through which the smoothed curves were drawn t o  present a continu- 
ous impression of the event, The peak hard x-ray f lux i s  seen t o  
precede the  peak sof t  x-ray flux, the sof t  x-ray event has a greater 
t o t a l  duratf on than the  hard x-ray event, and the  soft  x-ray f lux 
appears t o  i n i t i a l l y  begin t o  increase before the  hard x-ray ra t e  
increases. 
The t h e  difference between the  peaks of the  associated hard 
and sof t  x-ray bursts  was examined, Soft x-ray bursts with an 
uncertain peak t b e  were excluded frm t h i s  study, leaving 86 good 
quality associated events, The number of events as a fbnction of 
A t ,  the time of the soft  x-ray burst peak minus the  time of the 
hard x-ray burst peak, i s  shown on Figure 46. It i s  seen that  i n  
nearly all events the hard x-ray peak occurs before the  soft  x-ray 
peak (At > 0). On the average the hard x-ray peaks occurred 3 
minutes before the  soft  x-ray peaks, 
A delay i n  the time of maximum f lux  occurrence such tha t  the 
peaks occur first with higher energy photons and then progressively 
fo r  l e s s  energetic photons i s  i n  agreement with other observations. 
Culhane and m i l l i p s  El9691 f ind time differences of skverd. minutes 
between 1 - 3 i and 6 - 18 A peaks. A delay of the order of 1 
minute between 0 - 3 A and 0 - 8 peaks can be seen i n  the data 
presented by Kreplin, Moser, and Castel l i  [1$9], In each case the 
hardest peak occurs first. 
If the radiation were due t o  free-free emission from a region 
with a constant emission measure, the peak should occur simultaneously 
a t  all energies. Since t h i s  i s  not what i s  observed, by a t  leas t  
three independent observers free-free emission with a constant 
emission measure must not be the case, Either free-free emission 
i s  not the  dominant emission mechanism or  one or more of the 
assumptions of free-free emission from a region with constant 
emission measure must be incorrect, 
Another t e s t  of the  f ree-free  emission with a constant emission 
measure proposal i s  t o  examine t h e  re la t ionship of the  hwd  and sof't 
x-ray peak fluxes. According t o  theory, there  should be a unique 
correspondence between the  two peak fluxes,  The 1 - 6 keV peak f l ux  
was plot ted against t h e  10  - 50 keV peak counting ra te ,  as shown on 
Figure 47, t o  t e s t  t h i s  prediction. Again, only sof t  x-ray burs t s  
with well-defined peak times were used, The s t ra igh t  l i n e  i n  Figure 
47 was a r b i t r a r i l y  drawn t o  demonstrate t h a t  a power law r e l a t i on  
could approxh-iately f i t  t he  data. It i s  worth noting the  wide range 
of values found i n  t h i s  da ta  smple, nearly 3 orders of magnitude i n  
t he  s o f t  x-ra&r f l u x  and nearly 5 orders of magnitude i n  the  hard 
x-ray counting ra te .  Also, t o  be noted i s  t h a t  t he  departure of 
t he  i n d i v i d u a  data  points from a s t ra igh t  l i n e  f i t  i s  independent 
of t he  s ize  of t he  s o f t  x-ray f l ux  o r  of t h e  hard x-ray counting 
r a t e ;  no systematic departures are  seen. 
To examine t h i s  peak f l ux  re la t ionship quanti tat ively,  t he  
f ree-free  emission formula must be integrated with the  appropriate 
detector response functions. To obtain t he  ionization chamber 
counting r a t e  due t o  f ree-free  emission, the  response curve given 
by Kane [1$7] was integrated together with Equations (1-8) and 
( I )  The r a t i o  of t h e  ionizat ion chamber counting r a t e  t o  t h e  
emission measure (I/s) as a function of temperature i s  shorn on 
Figure 48, 
For the Ekplorer detector the  response i s  effect ively constant 
throughout the bandwidth, as pointed out previously. Since the ob- 
served quantity as used i n  t h i s  study i s  the f lux  i n  the  2 - 12 i 
range, t h i s  quantity must be theoret ical ly  calculated; t h i s  i s  
given by Equation (I-lo), A plo t  of the  r a t i o  of the f lux  t o  the  
emission measure (F/s) as a function of temperature i s  shown on 
Figure 49. 
The r a t i o  of the hard x-ray counting r a t e  t o  the  sof t  x-ray 
f lux  i s  a function of the temperature only, assuming free-free 
emission from an isothermal volume, so tha t  the temperature and 
emission measure i n  the  two ranges are identical.  The theoret ical ly  
calculated r a t i o  as a function of temperature can be obtained from 
Figures 48 and 49, The observed r a t i o s  can then be interpreted i n  
terms of temperatures. Once the  temperature i s  determined i n  t h i s  
manner, the  emission measure can be calculated from the observed 
f lux  or counting r a t e ,  or curves of given constant emission measure 
can be superimposed on the data  plot. 
The experimentally determined r a t i o  of 10 - 50 keV peak x-ray 
counting ra te  t o  1 - 6 keV peak x-ray f lux  plotted against the 1 - 6 
keV peak f lux  i s  shown on Figure 50. The data points represented 
by t r iangles  had a peak separation of f 2 minutes or  l e s s ;  the  points 
had a difference of more than f 2 minutes. There i s  no separation 
of the data on thPs parameter, 
The temperatures obtained by t h i s  procedure vary from 
14 - 39 x lo6 OK. To account for  a l l  the  data, the emission measure 
must vary from 3.6 x cmm3 - 2.1 x cmWTe ~t i s  seen on 
Figure 50 tha t  a t  a constant temperature the  emission measure has 
a range of 10 - 100 and so i s  not constant from event t o  event i n  
t h i s  data. The data  i s  not ordered on t h i s  type figure, indicating 
agreement with no simple emission mechanism, par t icu la r ly  f ree-free  
emission from a constant emission measure region. Since the varia- 
b i l i t y  from event t o  event i s  so large, it i s  c lear  t h a t  ascribing 
the  emission t o  a dif ferent  mechanism w i l l  not improve the s i tua t ion  
as t he  basic experimental r a t i o s  remain the same. 
If the r a t i o  i s  plot ted against t he  10 - 50 keV counting rate,  
t he  agreement with a constant emission measure f ree-free  emission 
process appears t o  be be t t e r  ( ~ i g u r e  51). However, the  apparent 
b e t t e r  agreement i s  thought due t o  the greater range of the  10 - 50 
keV counting r a t e  compared t o  the range of the  1 - 6 keV flux. 
The r e su l t s  of t h i s  study are  t h a t  the  emission measure i s  
not constant within an event (temporal study) or  from event t o  
event (amplitude study) and tha t  the  temperature i s  i n  the  range 
6 14 - 39 x 10 O K  if t h e  theory of free-free emission from a constant 
emission measure region i s  assumed, 
X-ray burs t s  i n  the  energy ranges 7,7 - l 2 ,5  keV and 12.5 - 
22,O keV were observed by use of a collimated s c i n t i l l a t i o n  counter 
with spectrum analysis on the OSO-I11 s a t e l l i t e  by the University of 
California, San Diego [Hudson, Peterson, and Schw&zo 1968; 1969a, 
b] . These data  were used t o  show tha t  x-ray bursts  i n  t h i s  energy 
range could be explained as due t o  fkee-free emission f r m  a constant 
emission measure region. The sof t  ( 1  - 6 key) x-ray bursts  were also 
compared t o  the 7.7 - 12.5 keV bursts (courtesy of Hudson, Peterson, 
and Schwastz [1969]) t o  determine the form of the relatiopship i n  
these energy ranges. 
From a l i s t  of 37 events in  the  7,7 - 12.5 keV range during 
periods when sof t  x-ray data  coverage existed, 18 corresponding soft  
x-ray bursts  were found i n  the  camputer l i s t i n g  of sof t  x-ray bursts. 
The largest  sof t  x-ray peak f lux  was - 6 mill i-erg (cm2 sec)-l, 
qui te  s m a l l  compared t o  the fluxes used i n  the  previous study, The 
19 unassociated hard x-ray bursts  were f o r  the  most par t  accompanied 
by sof t  x-ray events too s m a l l  t o  c lassify as a burst  by the  c r i te r ion  
used. Thus, t h i s  sample i s  composed ent i re ly  of small events. 
The r a t i o  of the peak 7,7 - 12,5 keV f lux t o  the peak 1 - 6 
keV f lux  as a function of the 1 - 6 keV f lux f o r  each of the 18 events 
i s  shown on Figure 52. The r a t i o  of these fluxes has been calculated 
assuming free-free emission frm an isothermal volume so tha t  each 
r a t i o  corresponds t o  a temperature, The range of temperatures in- 
dicated by t h i s  data are 12 - 18 x lo6 OK, The range of sof t  x-ray 
fluxes i s  so s m a l l  t ha t  a constant emission measure might be s&d 
t o  f i t  the data -to within a factor  of 3. However, the f i t  i s  not 
good t o  a fac tor  of 2 and the possibly constant (within a factor  of 
3 )  emission measure might be the  r e su l t  of using too limited a range 
of f lux  values. The conclusion which w i l l  be drawn f r o m  Figure 52 i s  
t ha t  the emission measure i s  not constant t o  within a factor of 2 
f r a m  event t o  event. 
It i s  encouraging t o  note tha t  the  temperatures and corres- 
ponding soft  x- rw fluxes given i n  Figure 52 and derived from 7.7 - 
12.5 k e ~ / 1  - 6 keV burst fluxes a re  consistent with those given i n  
Figure 50 and derived from the 10 - 50 keV counting r a t e / l  - 6 keV 
flux. The data  obtained by three different  observational. techniques 
and groups yield consistent r e su l t s  when analyzed by similar methods. 
The r a t i o  of 7.7 - 12.5 keV f lux t o  1 - 6 keV flux plotted 
against the 1 - 6 keV f lux  during three a rb i t r a r i ly  chosen events i s  
shown on Figure 53. The three different  events are denoted by dif-  
ferent symbols. The c i rc les  around part icular  symbols indicate 
points occurring before the peak of the  soft  x-ray event. In 
general, points move toward higher temperatures during the r i s e  of 
the  event and toward smaller temperatures during the decay phase. 
Two curves corresponding t o  given constant emission measures and the  
indicated temperatures have been drawn through the data t o  f a c i l i t a t e  
comparison of the  experimental data with theory. It i s  seen tha t  
the  emission measure describing the  two bursts  i s  l e s s  than one- 
half  t he  emission measure describing the th i rd  burst. Again, the 
emission measure i s  seen t o  be not constant t o  within a factor of 2. 
Within the event individual data points depart f r a m  the 
theoretic& curve by more than the experimental uncertainty i n  
the  data. The data point depasting furthest fram the experimental 
curve i s  different by 60$. The experimental uncertainty associated 
wfth t h i s  point i s  7$, leaving a t  l eas t  53% variation between 
theory and experiment. Within an event then the emission measure 
vasies by a t  l eas t  505, The variation of the emission measure 
within the event i s  also supported by the fac t  tha t  for  the  18 
events shown on Figure 52, the 7.7 - 12.5 keV peak flux occurred 
an average of 3 minutes before the 1 - 6 keV peak flux. 
The cmpasison with 7.7 - 12.5 keV bursts reveals tha t  the 
emission measure i s  not constant (within a factor of 2) within 
an event or from event t o  event and tha t  temperatures of 12 - 18 
6 
x 10 O K  for  free-free emission account f o r  the data. 
The resul t s  of the comparison of the  soft  x-ray bursts with 
both the 10 - 50 keV bursts and the 7.7 - 12,5 keV bursts consistently 
indicate t h a t  the emission measure i n  a free-free mission mechanism 
explanation of the radiation i s  constant neither within an event 
nor f r o m  event t o  event, This disagrees with the resul t s  of Hudson, 
Peterson, and Schwartz [1968, 1969a, b] who claim that  the  emission 
measure i s  constant both within an event and f r o m  even?; t o  event. 
Possible arguments both fo r  and against the resul t s  obtdnea  
i n  t h i s  study w i l l  be considered, These resul t s  would be invalidated 
if the emission mechanism f o r  x-ray burs t s  i n  one of the  energy 
ranges used were not free-free emission, Either t he  hard x-ray 
burs ts  might be a t t r ibu ted  t o  non-thermal b ra s s t r ah lung  or t h e  
sof t  x-ray burs ts  t o  predominantly a l i n e  emission process, Kane 
[1969] has shown t h a t  hard x - r w  bursts  a re  composed of 2 compo- 
nents, One component i s  impulsive i n  nature, has a very short  
total. duration (-  30 seconds), and i s  a t t r ibu ted  t o  non-thermal 
bremsstrahlung. The other component reaches maximum l a t e r  i n  the 
event, has a greater  duration (5 - 10 minutes), and has a steeper 
photon energy spectrum, This component has many properties marking 
it as thermal i n  origin, which it i s  assumed t o  be. The hmd x-ray 
burs ts  used i n  t h i s  study were then most l i k e l y  composed of t h i s  
t hem& component as t he  predominant component due t o  the  short 
duration of the  non-thermal component and t o  t he  longer duration 
(-.. 5 - 10 minutes) of t he  10 - 50 keV bursts,  On t h i s  experimental 
basis, t he  hard x-ray burs ts  used i n  t h i s  study are thought t o  be 
of thermal origin. 
Line emission i s  not thought t o  contribute substant ia l ly  t o  
the  1 - 6 keV burst  f lux  f o r  the  following reasons. Meekins, Kreplin, 
Chubb, and Friedslan [1968] fram crys t a l  spectrometer data  found t h a t  
the  continuum f r m  1 - 10 f during so la r  f l a r e s  always dominated t h e  
l i n e  mi s s ion  by more than an order of magnitude. Data presented 
by Rugge and Walker [l$8] show t h a t  shor t ly  a f t e r  two class  1 flwes 
the  continuum dominated the l ines  i n  the wavelength range 7 - 12 W . 
Spectra presented by Neupest, Gates, Swaurtz, and Young [1967] also 
show that  i n  the wavelength range 2 - 12 A during glares the  con- 
tinuum emission datninated the l i n e  emission, 
On theoretical grounds, calculations performed by Gibson 
6 [1$9] show that  for  temperatures greater than - 6 x 10 O K  free- 
f r ee  emission exceeds both free-bound and bound-bound emission, 
including the effects  of dielectronic recombination. In  addition, 
the free-bound emission i s  always greater than the bound-bound 
contribution. The calculations of Culhane [1$9] for  free-free 
and free-bound thermal continuum radiation show that  i n  the wave- 
length interval  2 - 12 A free-free dcuninates free-bound emission 
f o r  temperatures greater than - 8 x lo6 OK. Since the free-bound 
exceeds the bound-bound emission, the free-free emission then 
6 dominates a t  temperatures greater than - 8 x 10 OK, Thus, both 
on experimental and theoret ical  grounds, l ine  emission i s  not 
thought t o  contribute significantly t o  the 1 - 6 keV burst f lux 
and free-free emission appears t o  be the correct mechanism. 
The temperatures and. emission measures obtained by attribu- 
t ing  x-ray bursts i n  the 1 - 50 keV range t o  free-free emission eupe 
i n  the range of values f o r  these parameters being obtained by a 
number of workers, Chubb, Friedman, and Xreplin [1964] found a 
temperature of about lo7 O K  fran the slope of the photon spectrum 
fo r  energies from 2 - 4 keV during times of subflme ac t iv i ty  
Meekins, Kreplin, Chubb, and Friedman [1$8] derived temperatures 
6 
of 15 - 20 x 10 O K  from the slope of the photon spectrum from 3,3 - 
8.5 during soles  f l a re s  ranging from class  1 t o  c lass  3. Hudson, 
Peterson, and Schwartz l1.968, 1969a, b], as mentioned previously, 
6 found temperatures i n  the range 10 - 50 x 10 O K  fo r  solar x-ray 
bursts  tn the  energy range 7.7 - 22.0 keV. Neupert [1.$81 finds 
consistency between the 1,87 l i n e  emission and a model i n  which 
6 
the temperature i s  i n  the range 20 - 40 x 10 OK. Culhane and 
6 Phi l l ips  [1$9] determined temperatures of 10 -. 30 x 10 O K  f o r  
impulsive x-ray bursts  at  energies l e s s  than 10 keV observed with 
instruments on OSO-4. 
Thus, agreement i s  emerging on temperatures of 10 - 40 x 
lob OK as the range during solar f lares ,  i n  agreement with the 
present work, with free-free emission being the  dominant process. 
The non-constmcy of the emission measure during an event i s  necessary 
t o  account for  the more energetic photon peak fluxes occurring before 
the l e s s  energetic photon peak fluxes. From event t o  event, the 
emissf on measure also changes as evidenced by the  analysis presented 
here, 
The f l a r e  concept emerging from t h i s  study i s  tha t  a l a n d 1  
region f s  f i r s t  quickly heated and then loses  energy t o  surrounding 
regions such that  the temperature attained i n  the larger  region i s  
10 - 40 x lo6 OK . The same process occurs f o r  all f l a re s  but the 
exact condftions df f fer  from event t o  event t o  cause the  apparent 
individuality of bursts. A s  energy i s  l o s t  from the  hot core, the  
effect ive emission measure changes. The f l a r e  model of Carlquist 
[1968] does provide a suf f ic ien t ly  rapid acceleration i n  a suff i -  
c ien t ly  small volume and with a large enough energy release t o  
account f o r  the  production of the  hot core. This hot core would 
be the  source of non-thermal electrons needed t o  cause rapid 
excitation of energetic i ron l i n e s  observed t o  occur f i r s t  i n  an 
event and t o  then be followed by the occurrence of l e s s  energetic 
l ines.  Sane of the  non-thermal electrons would e m i t  the  microwave 
impulsive burst, depending on t h e i r  posit ion i n  the magnetic f ie ld,  
etc. Others would t h e m d i z e ,  producing the  heating needed t o  create 
the  observed x-ray emission. Such a f l a r e  model i s  consistent with 
the  observational f a c t s  and i s  i n  agreement with t h e  models suggested 
by Meekins, Kreplin, Chubb, and Friedman [1968] and by Neupert 
(19681 
V I I I .  CONCLUSIONS 
The conclusions of t h i s  thes is  are: 
1. The most frequently occurring r i s e  time (20$ t o  peak 
burst intensi ty)  for  2 - 12 1 solar x-rqy bursts i s  4 minutes. 
The most common decay time i s  12 minutes and the  most common 
t o t a l  duration i s  16 minutes. The d i f ferent ia l  r i s e  time dis- 
t r ibut ion can be represented by an exponential with exponent 
-0,1004 for  r i  se times greater than 4 minutes. 
2. The d i f ferent ia l  distribution of the  r a t i o  of r i s e  
time t o  decay time has a  maximum a t  0.3. Frm a  r a t i o  of 0.3 
t o  2.7 the dis tr ibut ion can be represented by an exponential with 
exponent -2,31 rtr 0,02. 
3. The d i f ferent ia l  distribution of the r a t i o  of r i s e  time 
t o  t o t a l  burst duration has a  maximum a t  0.25. 
4. The d i f ferent ia l  distribution of the  r a t i o  of the t o t a l  
observed f lux t o  the  background f lux  a t  the burst peak can be re- 
presented by a  power law with exponent -2,62 f 0,01 for  1.5 < 
( F / B ) ~  < 32. 
5, The d i f ferent ia l  distribution of the  peak burst fluxes 
can be represented by a  power law with exponent -1.75 0.01 over 
2  
the range 1 - 100 milli-erg (cm set)-' . 
6.  The d i f f e r e n t i a  distribution of the  f lux time integral  
values can be represented by a power l a w  with exponent -1.44 -+ 0.01 
-2 
over the range 1 - 50 erg czn . 
7. The number of Ha f l a res  which can be correlated with 
x-ray bursts 5s demonstrated t o  be strongly dependent on the  
c r i t e r i a  of the  x-ray identification scheme. This strongly sup- 
ports the assertion that  all Ha! events produce x-ray bursts. The 
correlation of x-ray bursts with Ex f l a res  i s  - 70$, 
8. A general trend f o r  larger  peak x - rw fluxes t o  occur 
with both larger f l a re  areas and with brighter events i s  defin- 
i t e l y  seen. 
9. The heliographic longitude dependence of Htx f l a res  f r o m  
July 1966 t o  September 1968 i s  found t o  be non-uniform. The re l -  
a t ive occurrence probability of 2 - 12 x-ray bursts (properly 
taking in to  account the non-uniformity of the  Ha f l a re  distribution) 
as a function of heliographic longitude i s  found t o  be uniform. 
This resul t  detracts frm the proposal tha t  a significant portion 
of the x radiation i s  due t o  non-thermal brmsstrahlung f r o m  
energetic electrons moving i n  preferred gecrmetries, 
10. The relationship of 1 - 6 keV bursts t o  10 - 50 keV 
bursts, assuming free-free emission f o r  the x-ray burst production, 
6 
was examined. Temperatures of 14 - 39 x 10 OK and emission meas- 
ures of 3.6 x anm3 - 2.1 x lo5' cm-3 were obtained. The 
emission measure was found t o  vary both within the individual 
event and from event t o  event. 
11. In a similar manner, 7.7 - 12.5 keV bursts were 
canpared with 1 - 6 keV bursts. Temperatures obtained were 
6 12 - 18 x 10 O K  and emission measures varied from 5.1 x - 
3.8 x anm3. The emission measure was again found t o  vary, 
both from event t o  event and within the  event, by more than a 
factor  of' 2. 
12. The burst  data studied i n  the  range 1 - 50 keV axe 
consistent with a free-free emission mechanism with temperatures 
6 
of 12  - 39 x 10 OK and an emission measure which vazies both 
-3 
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FIGURE CAPTIONS 
Figure 1. Physical arrangement of the three thin-windowed GM 
tubes on Explorer 33 and Explorer 35. 
Figure 2. Absolute photon efficiency of "standard" EON type 6213 
GM tube, ( G M ~ ) ~ ~ ,  f o r  a sof t  x-ray beam para l le l  t o  the 
axis of the end-window tube. ~ ( h )  i s the number of 
counts per photon of wavelength h incident within the 
effective diameter of the tube (0.24 em). The labeled 
absorption edges are ones fo r  components of the mica 
window and the f i l l  gas [Van Allen, 1967a3. 
Figure 3. Sectoring scheme for  assigning output pulses from the 
GMl detector t o  four successive quadrants. f3 i s  the 
angle of rotation of the spacecraft, referenced t o  the 
meridian plane of the spacecraft through the see-sun 
sensor located a t  p = 230". Pulses are assigned t o  
Sector I from the moment a t  which the axis of the 
detector passes f3 = 0" t o  the moment a t  which it passes 
,B = 900. 
Figure 4. Sample diagram of observational coverage of solar x rays 
during October 1966 by Explorer 33. The darkened areas 
represent data gaps. During the early part  of the month 
no detectors were viewing the sun. During the remainder 
of the month ( G M ~ ) ~ ~  viewed the sun continuously. 
Figure 5. Sample diagram of observational coverage of solar x rays 
during June 1968 by Explorer 35. The darkened areas 
represent data gaps. Note the systematic diagonal move- 
ment of lunar eclipse and occultation periods across 
the diagram. 
Figure 6. Experimental relationship of apparent counting rate r 
t o  true counting rate R for  ( G M ~ )  33' 
Figure 7. Experimental relationship of apparent counting rate r 
t o  true counting rate R for ( G M ~ ) ~ ~ .  
Figure 8. Solid curve i s  experimental relationship of apparent 
counting rate r t o  true counting rate R for  (GM~) 33 
if  detector i s  not rotating w i t h  respect to  the beam. 
Dashed curve i s  calculated r-R relationship for rotating 
case. The effective dead time i s  larger in  the second 
case (cf. Figure 10). 
Figure 9. Solid curve i s  experimental relationship of apparent 
counting rate r t o  true counting rate R for ( G M ~ )  35 
if  detector i s  not rotating w i t h  respect to  the beam. 
Dashed curve i s  calculated r-R relationship for  rotating 
case. The effective dead time i s  larger in  the second 
case (cf.  Figure 10). 
Figure 10. Explanatory diagram to show the manner in which space- 
craf t  rotation =uses the difference between the solid 
and dashed r-R curves i n  Figures 8 and 9. The curve 
labeled R shows the true counting rate as a function 
of the rotation angle p, w i t h  a maximum of 10,000 count 
-I 
sec a t  f3 = 230". The curve labeled r i s  derived from 
it by using the solid curve i n  Figure 9. Neither of 
these curves i s  observable i n  f l i gh t .  The observed 
quantity i s  the Sector III averaged, apparent ra te  
( r )  (= 1656 count sec-I i n  t h i s  example). The ra te  
tha t  would be observed by a zero deadtime detector i s  
(R) (= 2107 count sec-I). I f  the solid curve of 
Figure 9 had been used a t rue r a t e  ( R )  = 1670 count sec-' 
would have been inferred. The ef fec t  i s  greater  a t  
greater  values of R. 
Figure 11. Daily averages of observed values of the r a t i o  
( G M L ) ~ ~ / ( G M ~  - G M ~ ) ~ ~  fo r  simultaneous f l i g h t  data 
16 October t o  9 December 1967. 
Figure 12. Adopted geometric obliquity fac tor  f ( a )  for  ( G M ~  - G M ~ ) ~ ~ .  
Figure 13. Daily averages of observed values of the r a t i o  
( G M ~ ) ~ ~ / ( G M Z ) ~ ~  f o r  simultaneous f l i g h t  data 27 July 
t o  26 September 1967 (a decreasing) and 24 December 1967 
t o  31March 1968 (a! increasing). Solid c i rc les  are from 
quiet sun background, the X's from bursts. 
Figure 14. Adopted geometric obliquity factor  f ( a t )  for  (GMl) .  5 3 
[= ( G L X ) ~ ~ ]  as  a function of the time A t  in days from 
the moment a t  which the observed r a t i o  (GML) /(GMl) 3 5 33 
has a minimum value (derived from Figure 13 as  described 
i n  t e x t ) .  
Figure 15. Adopted geometric obliquity factor  f ( t )  fo r  the three 
Explorer 33 detectors as a function of time fo r  















Sample page of tabular data from catalog of F(2 - 12 A) 
i n  milli-erg (cm2 e )  ( G M ~ ) ~ ) .  
Sample page of tabular data from catalog of ~ ( 2  - 12 a) 
i n  milli-erg (cm2 s e )  ( G M ~ ) ~ ~  
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample p lo t  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample plot  from the catalog. 
Sample page from the 2 - 12 x-ray burst l i s t ing .  
The description by columns is  given i n  the text  
(Section IV-A). 
Differential  distribution of 2 - 12 1 x-ray bursts 
with respect t o  r i se  time. The s tr iaght  l ine  is  a 
least-squares f i t  over the region indicated. 
Differential  distribution of 2 - 12 1 x-ray bursts 
with respect to  decay time. 
Figure 31. Differential  dis t r ibut ion of 2  - 1 2  i x-ray bursts  
with respect t o  the t o t a l  burst  duration; the number 
of events per 2-minute interval  i s  shown. 
Figure 32. Different ial  dis t r ibut ion of 2 - 12 A x-ray bursts 
with respect t o  the r a t i o  of the r i s e  time t o  the 
t o t a l  burst  duration. 
Figure 33. Differential  dis t r ibut ion of 2  - 12 x-ray bursts 
with respect t o  the r a t i o  of the decay time t o  the 
t o t a l  burst  duration. 
Figure 34. Different ial  dis t r ibut ion of 2 - 12 i x-ray bursts 
with respect t o  the r a t i o  of the r i s e  time to  the 
decay time. The s t raight  l i ne  i s  least-squares f i t  
over the region indicated. 
Figure 35. Different ial  dis t r ibut ion of 2 -. 12 x-ray bursts 
with respect t o  the r a t i o  of the t o t a l  observed f lux 
\ 
t o  the background flux, evaluated a t  the time of peak 
burst  intensi ty .  The s t raight  l i n e  i s  least-squares 
f i t  over the region indicated. 
Figure 36. Differential  dis t r ibut ion of 2  - 12 k x-ray bursts 
with respect t o  the peak burst  flux. The s t raight  
l i nes  are  least-squares f i t  over the regions indicated. 
Figure 37. Different ial  dis t r ibut ion of 2 - 12 i x - r a y b u r s t s  
with respect t o  the value of the in tegra l  of the 
burst  f lux  with respect t o  time f o r  the duration of 
the burst  and with end corrections added as described 
i n  the tex t  (section IV-A). The s t raight  l i ne  was 
least-squares f i t  over the region indicated. 
Figure 38. Distribution of x-ray bursts which could be associatedl 
with Ha flares as a function of Ha flare importance. 
Figure 39. Distribution of x-ray bursts which could be associated 
with Ha flares as functions of both the Ha! flare 
importance and the peak burst flux, for peak burst 
2 fluxes less than 10.0 milli-erg (cm set)-l. The Ha 
flare importance by area is given at the top of each 
of the four plots while the relative intensity eval- 
uations are indicated by different symbols and lines, 
as given on the fourth plot. , 
Figure 40. Distribution of x-ray bursts which could be associated 
with Ha flares as functions of both the Ha! flare 
importance and the peak burst flux, for peak burst 
2 fluxes greater than 10.0 milli-erg (cm set)-l. 
Figure 41. Median burst flux 2 -, 12 k as a f'unction of Ha flare 
importance. 
Figure 42. Heliographic longitude distribution of Ha flares during 
the period July 1966 to September 1968 when x-ray data 
coverage was possible. 
Figure 43. Relative occurrence probability of 2 - 12 a solar 
x-ray bursts with respect to Ha flares as a function 
of heliographic longitude for x-ray bursts observed 
from July 1966 to September 1968. 
Figure 44. Comparison plot between the soft (1 - 6 ke~) x-ray 
flux (F) and the hard (10 - 50 ke~) x-ray counting 
rate (I) as functions of the. Hard x-ray rate from 
Arnoldy, Kane, and Winckler [1968], 
Figure 45. Comparison p lo t  between the so f t  (1 - 6 k e ~ )  x-ray 
f lux  (F) and the hard (10 - 50 k e ~ )  x-ray counting 
ra te  (I) as functions of time. Hard x-ray r a t e  from 
Kane and Winckler [1969]. 
Figure 46. Distribution of the associated 1 - 6 keV and 10 - 50 keV 
x-ray bursts according to  the time difference, A t ,  
between the burst  peaks. A t  i s  the time of the 1 - 6 keV 
peak minus the time of the 10 - 50 keV peak. Positive 
A t  r e su l t s  from the 10 - 50 keV peak occurring e a r l i e r  
than the 1 - 6 keV peak. 
Figure 47. Peak flux of the 2 - 12 k bursts as  a function of the 
peak excess ion chamber r a t e  due t o  corresponding 
10 - 50 keV x-ray bursts. The l a t t e r  ra tes  were taken 
from Arnoldy, Kane, and Winckler [1968] and Kane and 
Winckler [1969]. 
Figure 48. The r a t i o  of the ion chamber r a t e  observed a t  the o rb i t  
of the ear th due t o  a free-free emission mechanism i n  
the 10 - 50 keV range and ion chamber character is t ics  
as  given by Kane [1967] t o  the emission measure as a 
function of temperature. 
Figure 49. The r a t i o  of 2 - 12 1 f lux observed a t  the o rb i t  of 
the ear th t o  the emission measure as  a function of 
temperature, calculated assuming free-free emission. 
Figure 50. Ratio of the 10 - 50 keV peak counting r a t e  t o  the 
1 - 6 keV peak flux as a flulction of the 1 - 6 keV 
peak flux. The temperatures to  which these ra t ios  
correspond, assuming free-free emission, are  given 
on the r ight  axis.  The horizontal l ines  i n  the plot  
correspond to the behador eafpected due to a constant 
temperature decay with only the emission measure c h w -  
ing; various emission measures are ticked in. The near 
vertical lines correspond to a decay with constant 
emission measure and changing temperature only. Data 
points represented by triangles had a peak separation 
of - + 2 minutes. Hard x-ray rates from Amoldy, Kane, 
and Winckler [1968] and Kane and Winckler [1969]. 
Figure 51. Ratio of the 10 - SO keV peak counting rate to the 
1 - 6 keV peak flux as a function of 10 - 50 keV 
rate. The temperatures to which these ratios corres- 
pond, assuming free-free emission, are given on the 
right axis. The lines drawn through the data corres- 
pond to decay curves of constant (given) emission 
measure and changing temperature only. Data points 
represented by triangles had a peak separation of 
+ 2 minutes or less; filled circles had a difference 
- 
of more than + 2 minutes. Hard x-ray rates fram 
- 
Arnoldy, Kane, and WincNer [1968] and Kane and 
Wincuer [1969]. 
Figure 52. Ratio of 7.7 - 12.5 keV burst flux to 1 - 6 keV peak 
flux as a function of 1 - 6 keV peak flux. The tem- 
perature s corresponding to these ratios, assuming 
free-free eFssion, are given on the right axis. 
Lines corresponding to given 'constant emission measures 
and changing temperature only are dram through the 
data. The hard (7.7 - 12.5 keV) x-ray fluxes are 
eourtesy of Hudson, Peterson, and Schwartz [1969J. 
Figure 53. Soft  (1 - 6 k e ~ )  f l ux  versus the r a t i o  of '7.7 - 12.5 keV 
f lux  t o  1 - 6 keV f lux  during three individual events. 
The three events a r e  distinguished by the three d i f f e r en t  
symbols. Circled points  occurred before the peak i n  the 
1 - 6 keV flux.  Temperatures t o  which these r a t i o s  
correspond, assuming free-free  emission, are  given along 
the top ax i s .  Two curves of given constant emission 
measure and changing temperature only are  drawn through 
the data. Hard (7.7 - 12.5 k e ~ )  x-ray fluxes courtesy 
of Hudson, Peterson, and Schwartz [1969]. 
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ABSTRACT 
The burst component of the solar x-ray f lux i n  the so f t  wave- 
length range 2 1 < A < 12 1 observed from Explorer 33 and Explorer 35 
*om July 1966 t o  September 1968 were analyzed. In t h i s  period 4028 
burst peaks were observed. 
The d i f f e r e n t i a  dis tr ibut ions of the temporal and in tens i ty  
parameters of the bursts  revealed no separation in to  more than one 
class  of bursts. The most frequently observed value fo r  r i s e  time 
was 4 minutes and fo r  decay time was 12 minutes. The distr ibut ion 
of the r a t i o  of rise-to-decay time can be represented by an exponen- 
tial with exponent -2,31 from a r a t i o  of 0.3 t o  2.7; the  max imum i n  
t h i s  distribution occurred a t  a r a t i o  of 0.3. The values of the  t o t a l  
observed flux, divided by the  background flux, a t  burst  maximum, can 
be represented by a power law with exponent -2.62 f o r  r a t i o s  between 
8.5 and 32, The distr ibut ion of peak burst fluxes can be represented 
by a power law with exponent -1.75 over the range 1 - 100 milli-erg 
2 (an set)-'. The flux time integral  kalues ace given by a power law 
-2 
with exponent -l.lb over the  range 1 - 50 erg cm ., 
The distr ibut ion o r  peak burst f iux as  a f inct ion of KX impor- 
$ a c e  revealed a general trend -for larger  peak x-rqy fluxes t o  occur 
with both la rger  Ha f l a r e  areas and with br ighter  Ha f l a r e s ,  The 
heliographic longitude dependence of so r t  x-ray bursts  indicated 
no s ignif icant  dependence of x-ray burst  occurrence on heliographic 
longitude; the emission thus lacks d i rec t iv i ty .  
The theory of free-free emission by a thermal electron d i s -  
t r i bu t ion  was  applied t o  a quantitative explanation of both hard 
x-ray fluxes (data from Arnoldy, Kane, and Winckler [1968]; Kane 
and Winckler [lg6g] ; and Hudson, Peterson, and Schwart z [1969] ) 
and so f t  x-ray fluxes during solar  x-ray bursts.  Using bursts  i n  
three d i f fe rent  energy intervals ,  covering a t o t a l  range of 
6 1 - 50 keV, temperatures of 12  - 39 x 10  O K  and emission measures 
of 3.6 x t o  2.1 x lo5' cm3  were derived. The emission measure 
was found t o  vary from event t o  event. The peak time of hard x-ray 
events was  found t o  occur an average of 3 minutes before the peak 
time of the corresponding so f t  x-ray bursts .  Thus a changing 
emission measure during the  event is  a l s o  required. A free-free 
emission process with temperatures of 12 - 39 x lo6 O K  and with 
an emission measure i n  the  range 3.6 x t o  2.1 x lo5' and 
which varies  both from event t o  event and wSthin an individual 
event i s  required by the  data  examined. 
